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INTERNATIONAL PRELIMINARY 
EXAMINATION REPORT 



International application No. PCT/GB99/00929 



I. Basis of th report 

1 . This report has been drawn on the basis of (substitute sheets which have been furnished to the receiving Office in 
response to an invitation under Article 14 are referred to in this report as "originally filed" and are not annexed to 
the report since they do not contain amendments,): 

Description, pages: 

1 -21 as originally filed 

Claims, No.: 

1 -20 as originally filed 

Drawings, sheets: 

1 /1 3-1 3/1 3 as originally filed 

2. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 

□ the drawings, sheets: 

3. □ This report has been established as if (some of) the amendments had not been made, since they have been 

considered to go beyond the disclosure as filed (Rule 70.2(c)): 

4. Additional observations, if necessary: 

see separate sheet 
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1. Statement 



Novelty (N) 
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Claims 
Claims 
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Inventive step (IS) 



Yes 
No: 



Claims 
Claims 



1 
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Industrial applicability (lA) 



Yes: 
No: 



Claims 
Claims 



1 
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2. Citations and explanations 
see separate sheet 

VIII. Certain observations on the international application 

The following observations on the clarity of the claims, description, and drawings or on the question whether the 
claims are fully supported by the description, are made: 

see separate sheet 
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ITEM 1: 

4. Additional observations: 

Sequence listing filed on 17.08.99, received on 20.08.99. pages 1/3-3/3: Under 
Rule 13ter.(f) PCT, sequence listings filed after the filing date of the application do 
not form part of the description and will not be annexed to this report. 

ITEM V: 

1 . Reference is made to the following documents: 

D1 EP-A-0 500 224 
D2 WO 97/04126 

2. Industrial applicability (Art. 33(4) PCT): 

The subject-matter of claims 1-20 is susceptible of industrial application. 

3. Novelty (Art. 33(2) PCT): 

D1 concerns an isothermal and sensitive method for e.g. detecting a target nucleic 
acid in a sample (cf D1, c3. I. 50-53; c5, I. 21-33). The method of D1 is based on 
the use of (a) a strand displacing nucleic acid polymerase, (b) dNTPs, at least one 
being exonuclease resistant, (c) a double strand specific 5'-3' exonuclease and (d) 
at least one unmodified primer specific for the 3' region of the single stranded 
target fragment (cf. D1, c. 5, I. 36-c. 6, I. 2; c. 7. I. 4-8; c. 7, I. 18-25; c. 8, I. 15- c. 
9, 1. 17; figs. 1 and 2). After amplification, the amplified target sequence (see fig. 
2) containing exonuclease resistant nucleotides can be detected by any known 
method in the field (cf. D1. c. 6. I. 3-40; c. 9, I. 49-58); alternatively, probes can be 
generated (cf. D1, c. 6, I. 41-51; c. 10. I. 1-13). 

Claims 1,19 and 20 from the present application differs from D1 in that (i) 1st and 
2nd primers containing a 5' double strand exonuclease resistant portion are used 
in combination with (ii) 3rd and 4th primers partially homologous to the digestible 
portion of the 1st and 2nd primers. Claims 1-20 of the present application are 
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therefore novel within the meaning of Article 33(2) PCT. 

D2 is directed to a sensitive and isothermal method for amplifying/detecting a 
target nucleic acid (cf. D2, pages 2-5), The method of D2 is based on the use of 
strand displacement amplification in combination with chimeric primers comprising 
a RNA portion (cf. D2. page 7 and page 9, line 27-page 11, line 15; figs 1-6 and 
corresponding parts of the description). The method of D2 requires the presence 
of the following enzymatic activities: (i) SDA, (ii) RNAse H and (iii) DNA 
polymerase (cf. D2, page 14, line 21 -page 16, line 10). The applications of D2 are 
similar to the ones of D1 (cf. D2, pages 22-24). None of the 1st and 2nd primers 
disclosed in D2 contains a 5' double strand exonuclease resistant portion and the 
said 1st and 2nd primers are consequently not used in combination with 3rd and 
4th primers homologous to the digested portion. Claims 1-20 of the present 
application are therefore novel over D2 (Art. 33(2) PCT). 

4. Inventive step (Art. 33(3) PCT): 

D2 is considered as the closest prior art document. It discloses a multi-primer's 
pairs method enabling the amplification of target sequences (see D2, figures). The 
first and second primers of D2 are chimeric DNA/RNA molecules. The said 
primers are associated with certain disadvantages (see description of the present 
application, page 3, lines 3-17). 

The problem solved by claims 1,19 and 20 can therefore be seen as the provision 
of a more convenient method for the amplification of a target sequence (see 
description of the present application, figs. 3 and 4). 

The common solution consists in the use of 1st and 2nd primers containing a 5* 
exonuclease resistant portion in the presence of an enzyme having 5* double 
stranded specific exonuclease activity, in combination with 3rd and 4th primers 
homologous to the digested portion of 1 st and 2nd primers (see description of the 
present application, figs. 3 and 4). 

None of the prior art document cited in the ISR contains any suggestion leading to 
this solution. D1 contemplates the use of exonuclease resistant nucleotides for 
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producing an exonuclease resistant target sequence, but does not suggest the 
use of primers containing the said resistant portion in combination with 3rd and 
4th primers enabling the exponential amplification of the target sequence (see 
description of the present application, pages 2-3. bridging paragraph). 

Claims 1-20 of the present application are therefore regarded as inventive within 
the meaning of Article 33(3) PCX. 

ITEM VIII: 

1. The subject-matter of claim 2 is unclear (Art. 6 PCT). The steps necessary for 
conducting the method of claim 2 "in situ" are not clearly identified (see the PCT 
Guidelines. PCT Gazette-Section IV, III-4.1 and 4.4). Moreover, it is not clear what 
the term "in situ" encompasses and especially, it should have been made clear 
that methods carried out in vivo are excluded from the scope of this claim (Rule 
67.1. iv) PCT). 

2. Although claims 1 and 19 have been drafted as separate independent claims, they 
appear to relate effectively to the same subject-matter and to differ from each 
other only with regard to the definition of the subject-matter for which protection is 
sought. The aforementioned claims therefore lack conciseness. Moreover, lack of 
clarity of the claims as a whole arises, since the plurality of independent claims 
makes it difficult to determine the matter for which protection is sought, and places 
an undue burden on others seeking to establish the extent of the protection. 

Hence, claims 1 and 19 do not meet the requirements of Article 6 PCT. In 
addition, claim 20 differs from the said claims only in that exonuclease resistant 
nucleotides are used. Consequently, this latter claim could have been made 
dependent (Rule 6.4 PCT). 

3. The wording "at least a portion" used in claims 7 and 8 is vague and unclear and 
leaves the reader in doubt as to the meaning of the technical features to which it 
refers, thereby rendering the definition of the subject-matter of said claims unclear 
(Article 6 PCT). 
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4. The wording "a partial degree of resistance to digestion" used in claim 15 is vague 
and unclear and leaves the reader in doubt as to the meaning of the technical 
features to which it refers, thereby rendering the definition of the subject-matter of 
said claim unclear (Article 6 PCT). 

5. The use of brackets in the claims should have been avoided, see claim 16, Art. 6 
PCT. 

6. The features of claims 6 and 16 are not referred to in the description. Claims 6 
and 16 are therefore not supported by the description as required by Article 6 
PCT. 
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Applicant's or agenf s file reference 
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FOR FURTHER ®®® Notification of Transmittal of International Search Report 

(Form PCT/ISA/220) as well as. where applicable, item 5 below. 

ACTION 


International application No. 
PCT/GB 99/00929 


International filing date (day/month/year) 

24/03/1999 


(Earliest) Priority Date (day/month/year) 

25/03/1998 


Applicant 

TEPNEL MEDICAL LIMITED et al . 



This International Search Report has been prepared by this (nternatiohal Searching Authority and is transmitted to the applicant 
according to Article 18. A copy is being transmitted to the International Bureau. 

This International Search Report consists of a total of 3 sheets. 

[X] It is also accompanied by a copy of each prior art document cited in this report. 



1. Basis of the report 

a. With regard to the language, the international search was carried out on the basis of the international application in the 
language in which it was filed, unless otherwise indicated under this item. 

I I the international search was carried out on the basis of a translation of the international application furnished to this 
Authority (Rule 23.1 (b)). 

b. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search 
was carried out on the basis of the sequence listing : 

I I contained in the international application in written form. 

filed together with the international application in computer readable form, 
furnished subsequently to this Authority in written form, 
furnished subsequentiy to this Authority in computer readble form. 



2. 
3. 



□ 
E 

m 



□ 
□ 



the statement that the subsequently furnished written sequence listing does not go beyond the disclosure in the 
international application as filed has been furnished. 

the statement tiiat the information recorded in computer readable form is identical to the written sequence listing has been 
furnished 

Certain claims were found unsearchable (See Box I). 
Unity of invention is lacking (see Box II). 



With regard to the title, 

PC] ttie text is approved as submitted by the applicant. 

I I tiie text has been established by this Authority to read as follows: 



5. With regard to tiie abstract, 

PC] the text is approved as submitted by the applicant. 

□ the text has been established, according to Rule 38.2(b), by this Authority as it appears in Box III. The applicant may, 
within one month from the date of mailing of this international search report, submit comments to this Authority. 

6. The figure of the drawings to be published with the abstract is Figure No. 1,2,3 

I I as suggested by the applicant. Q None of the figures. 

[X] because the applicant failed to suggest a figure. 

I I because this figure better characterizes the invention. 
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Category ° 
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EP 0 500 224 A (BECTON DICKINSON CO) 

26 August 1992 (1992-08-26) 

cited in the application 

see whole doc. esp., col.7 1.4 ff. and 

figures 


1-20 
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WO 97 04126 A (BIO MERIEUX ;CLEUZIAT 

PHILIPPE (FR); MANDRAND BERNARD (FR)) 

6 February 1997 (1997-02-06) 

cited in the application 

see whole doc. esp, claims and figs. 


1-20 
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WO 94 16090 A (KNAPP MICHAEL R ;NIKIF0R0V 
THEO (US); MOLECULAR TOOL INC (US)) 
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see whole doc. esp. claims 

-/-- 


1-20 
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"E" earlier document but published on or after the international 

filing date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 



'T" later document published after the intemational filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory undertying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document Is taken alone 

"Y" document of particular relevance; the claimed invention 
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document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 
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(54) Title: AMPLIFICATION OF NUCLEIC ACIDS * 

(57) Abstract 

A method of amplifying complementary first and 
second nucleic acid sequences each of which has a bind- 
ing region at its 3' end. The method conmprises treat- 
ing the separated single stranded sequences with (a) first 
and second, primers each capable of hybridising to the 
3 '-binding regions of the first and second strands re- 
spectively and each including remote from its 5*-end 
a digestion resistant region which, with the primer hy- 
bridized to the complementary 3*-binding region, al- 
lows only partial digestion of the primer by the enzyme 
(d) having 5 '-double strand specific exonuclease activ- 
ity, (b) third and fourth primers each having a degree of 
sequence homology with the partially digestible regions 
of the first and second primers respectively whereby 
the third and fourth primers are capable of hybridis- 
ing to the 3'-binding regions of the first and second 
strands respectively, (c) an enzyme having strand dis- 
placing polymerase activity, (d) an enzyme having 5' 
double stranded specific exonuclease activity, said en- 
zyme (d) possibly being provided by enzyme (c) in the 
case where the latter also has the required exonuclease 
activity, and (e) nucleoside triphosphates. The reac- 
tion is conducted under conditions permitting hybridi- 
sation, exonuclease digestion and strand displacement 
polymerisation thereby producing an amplified amount 
of the first and second strands. 
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AMPLIFICATION OF NUCLEIC ACIDS 

The present invention relates to the amplification of nucleic acids, i.e. 
procedures for producing copies of nucleic acid sequences. 

As used herein the term "nucleic acid" includes protein nucleic acid (PNA) 
(i.e. nucleic acids in which the bases are linked by a polypeptide backbone) as well as 
the naturally occurring nucleic acids (e.g. DNA and RNA), or analogues thereof 
having a sugar phosphate backbone. 

Various nucleic acid amplification techniques are already knowai, e.g. the 
Polymerase Chain Reaction (PGR). However many of these techniques (including 
PGR) suffer from the disadvantage that various cycles of heating and cooling are 
required for each amplification reaction. Thus, in a typical amplification reaction, the 
sequence (in single stranded form) to be amplified is treated with an oligonucleotide 
capable of hybridising to the sequence at a particular location thereof, the treatment 
being effected at a temperature (and under other conditions, e.g. buffers etc.) at which 
the hybridisation will occur. In the next step (which may or may not be effected at the 
same temperature) a polymerase enzyme is used to extend the oligonucleotide primers 
(using the original sequence as a template) to produce a strand which is 
complementary to the original strand and which is hybridised thereto. Subsequently 
the reacfion mixture must be heated to denature the complementary strands and then 
cooled so that the above described procedure (i.e. primer hybridisation, extension, 
denaturing) may be repeated. A particular amplification reaction may require many 
repeats of the cycle before a sufficient quantity of the nucleic acid is generated (e.g. 
for the purposes of a diagnostic test or for research purposes). The need to 
"temperature cycle" the reaction many times is a considerable disadvantage. 
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Several alternative amplification strategies are known which can be performed 
at a single temperature. Examples of such isothermal technologies include Strand 
Displacement Amplification (SDA), (G. T. Walker; US Patent No. 5455166). 

SDA takes advantage of the ability of certain restriction enzymes to cleave 
hemi-modified restriction sites only on the un-modified DNA strand. By using non- 
modified primers containing such a restriction site, and including modified dNTP 
analogues, it is possible to introduce single strand nicks into the primer when it is 
rendered double stranded by DNA which has been synthesised to include modified 
nucleotides. The introduction of this nick allows a strand displacing polymerase lo 
extend the sequence upstream of the nick by displacing downstream sequences into 
solution where they are picked up by primers directed to the other end of the strand to 
be amplified. The process is rapid and can be performed at a single temperature. 
However, SDA requires specialised primers, which are not wholly specific to the 
natural target DNA sequence to which they are directed. This arises from the need to 
introduce into the sequence to be amplified restriction sites at the ends of the molecule 
for the reaction to occur. Furthermore, a degree of manipulation is required to initiate 
the amplification reaction. For instance, a second set of primers are required to 
displace the extended first copies into solution so that the second amplification primer 
can act upon the single strand, displaced, extension product. 

Another isothermal amplification method knouTi in the art is Exonuclease 
Mediated Strand Displacement Amplification (G. T. Walker, EP-A-0 500 224). This 
technique takes advantage of the ability of thiol-substituted nucleotide analogues to 
protect downstream sequences from digestion by a 5' double strand specific 
exonuclease. In this method unmodified primers are used together with a 5' double 
strand specific exonuclease, a strand displacing DNA polymerase and an excess of 
deoxynucleosidetriphosphates, at least one of which is substituted to provide 
resistance to exonuclease activity. The method as described, however, will not provide 
for exponential amplification as the loss of unmodified primer sequences (b\- 
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exonuclease activity) precludes the copying of those same sequences, to allow 
hybridisation at the complementary sequence, later in the reaction 

In another amplification method (P. Cleuziat, WO-A-97/04126) chimeric 
RNAVDNA primers are used, together with shorter DNA primers, a strand displacing 
polymerase, an excess of deoxynucleosidetriphosphates and RNAase H. Binding of 
the cliimeric primer to its target generates a short, double-stranded, DNA/RNA hybrid 
from which the RNA portion is cleaved by the action of RNAse H. This reveals a site 
for the shorter DNA primer which hybridises and is extended by the action of the 
DNA polymerase. A disadvantage of this system is the need for the RNA carrying 
primers. RNA is notoriously sensitive to degradation by ribonucleases which arc 
abundant contaminants of many environments, and, extensive decontamination 
procedures must be observed to limit this effect during RNA manipulations. Because 
of the low turnover rate of the RNase H enzyme, longer reaction times must be used 
or the enzyme must be present at a higher concentration. Also, the amplification must 
be performed in the abiding presence of non-target sequences, present in the sample, 
which are known to contribute to anomalous results during other amplification 
reactions, such as PGR. 

It is an object of the present invention to provide an amplification method 
which may be effected under isothermal conditions, if required, and can amplify the 
natural sequence entirely, if required. 

According to the present invention there is provided a method of amplifying 
complementary first and second nucleic acid sequences each of which has a binding 
region at its 3' end, the method comprising treating the separated single stranded 
sequences with 

(a) first and second primers each capable of hybridising to the 3'-binding 
regions of the first and second strands respectively and each including remote from its 
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5'-end a digestion resistant region which, with the primer hybridised to the 
complementary 3 -binding region, allows only partial digestion of the primer by the 
enzyme (d) having 5'-double strand specific exonuclease activity, 

(b) third and fourth primers each having a degree of sequence homology with 
the partially digestible regions of the first and second primers respectively whereby 
the third and fourth primers are capable of hybridising to the 3'-binding regions of the 
first and second strands respectively, 

(c) an enzyme having strand displacing polymerase activity, 

(d) an enzyme having 5' double stranded specific exonuclease activity, said 
enzyme (d) possibly being provided by enzyme (c) in the case where the latter also 
has the required exonuclease activity, and 

(e) nucleoside triphosphates, 

under conditions permitting hybridisation, exonuclease digestion and strand 
displacement polymerisation thereby producing an amplified amount of the first and 
second strands. 

As used herein, the term 5'-double stranded specific exonuclease activity 
means that the principal exonuclease activity is double stranded activity whilst not 
precluding the possibility of a degree of single stranded activity. The term 5 -double 
stranded specific exonuclease is to be interpreted accordingly. 

The present invention thus provides a method for amplification of a nucleic 
acid molecule. The complementary sequences on which the reaction is effected may 
be generated (e.g. in situ in the reaction) from a single stranded molecule by methods 
well known in the art. 
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The method may be effected under conditions such that all of reactants (a)-(e) 
are simultaneously present in a reaction mixture or under conditions in which the 
reagents are used sequentially as appropriate. 

The method utilises a 5' double stranded specific exonuclease, i.e. an 
exonuclease which will digest the strands of a double stranded molecule from the 5' 
ends thereof. The method also requires the use of an enzyme having strand displacing 
polymerase activity. The method of the invention may be performed with two 
enzymes, one being a 5' double stranded specific exonuclease and the other being a 
strand displacing polymerase. It is however also possible to use a single enzyme 
having both of these activities. 

The invention further utilises the first and second primers each of which 
incorporates a region (e.g. provided by modified nucleotides, see below) resistant to 
digestion by the 5' double stranded specific exonuclease. It should however be 
understood that the terms "first" and "second" primers are used in an explanatorj' 
sense to identify primers which hybridise to the 3' binding regions of the first and 
second strands respectively. The terms do not necessarily imply that the primers are 
different since it is possible to envisage embodiments of the invention in which the 3' 
binding regions of the first and second strands have sufficient sequence identity for 
the "first" and "second" primers to be one and the same. 

The method further utilises the third and fourth primers which need not 
incorporate modified nucleotides and which have a degree of sequence homology with 
the partially digestible regions of the first and second primers. In certain 
embodiments of the invention, the "third" and "fourth" primers may be identical to 
each other. 
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A further description as to the "mechanism" by which the amplification occurs 
is given below with reference to the drawings. 

The digestion resistant regions of the first and second primers may comprise at 
least one modified nucleotide resistant to digestion by the 5' double stranded specific 
exonuclease. It is a requirement that the digestion resistant region is not wholly 
digested by the 5' double stranded specific exonuclease. This may be achieved by 
appropriate selection of the type and number of modified nucleotides provided in 
digestion resistant region. It will generally be preferred that the region incorporate 
several (e.g. at least 4) modified nucleotides to ensure that the region is not Jotalh 
digested. The modified nucleotides may for example be thiolated or boronated 
nucleotides or indeed be ribonucleotides. It is preferred that the first and second 
primers include at least one (e.g. preferably four and more preferably six) internal 
phosphorothioate linkages. 

It is preferred that each of the first and second primers has 30 to 60 bases and 
that the third and fourth primers have about half the number (e.g. 12 to 30) of bases as 
the first and second primers. Each of the third and fourth primers will for preference 
be of a sequence corresponding to those regions of the first and second primers 
respectively which are 5' to the 5" end of the digestion resistant regions thereof 
However we do not preclude the possibility of the 3' ends of the third and fourth 
primers incorporating bases corresponding to some of the modified nucleotides 
provided at the 5' ends of the digestion resistant region (of the first and second 
primers) to the extent that these modified nucleotides are likely to be digested during 
partial digestion of the region. 

It is particulariy preferred that the polymerase which is used is one which has 
activity at the same temperature as that at which the 5' specific double strand specific 
exonuclease has activity whereby the reaction may be effected isothermaliy. For 
preference this temperature is 37°C. 
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The 5' double strand specific exonuclease may for example be T7 gene 6 
exonuclease. 

The strand displacing polymerase may for example be at least one of 9°N 
polymerase, Klenovv (exo) polymerase, Bsi polymerase, Vent (exo) polymerase. 
Deep Vent (exo ) polymerase, Pfu (exo ), Tth, Tfl, Taq or Bca (exo ) polymerase. 

The nucleotides as identified above as (d) of the reaction mixture may be 
dATP, dCTP, dGTP and dTTP. It is however possible for at least a portion of at least 
one of these nucleotides to be replaced by a substituted nucleotide w^hereby a strand 
(generated during the reaction) incorporating the modified nucleotide is resistant to 
digestion by the 5* double strand specific exonuclease. 

It is an advantage of the invention that the reaction may be effected without 
pre-manipulation (e.g. restriction digestion) of the target to be amplified, such 
manipulations complicating other methods known in the art. It is further advantage 
that non-amplifiable sequences, which might otherwise adversely affect the reaction 
(e.g. non-target nucleic acid, non-protected primer dimers), are degraded during the 
amplification process. 

The invention will be further described by way of example only with reference 
to the accompanying drawings, in which: 

Fig. 1 schematically illustrates a DNA molecule for amplification in 
accordance with the method of the invention; 

Fig. 2 schematically illustrates four oligonucleotide sequences (primers) for 
use in forming an amplified product from the molecule shown in Fig. 1 : 

Fig. 3 schematically illustrates one embodiment of the method of the 
invention; 
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Fig. 4 schematically illustrates a second embodiment of the method of the 
invention; and 

Figs. 5-6 illustrate the results of the examples. 

In the following description, sequences which are complementary to each 
other are denoted by the same letters (or sequence of letters) but with one of the two 
complementary sequences additionally being denoted by the ''prime'' suffix ('). Thus 
X' is the complementary sequence to X. 

Fig. 1 illustrates a double stranded molecule incorporating a sequence X and 
its complement X' to be amplified by the method of the invention. 

For convenience in the following description, the sequence X is shown as 
having a 3' binding region denoted by D*C'. Furthermore, sequence X' is shown as 
having a 3' binding region B'A' (adopting the convention that a segment of the nucleic 
acid molecule is annotated from the 5' end of the molecule). Binding sequences D'C 
and B'A' may for example each comprise 30-60 bases of which sequences A and C 
may each provide about half of the number of these bases. Thus for example 
sequences A and C may each provide 12-30 bases 

Referring now to Fig. 2, there is illustrated therein four primers which are to 
be used in the method to be described more fully below with reference to Fig. 3. 
More particularly, the primers shown in Fig. 2 comprise first and second primers AB 
and CD respectively (also designated herein as "long" primers) together with third and 
fourth primers A and C respectively (also designated herein as ''short" primers). 

The first primer AB is capable of hybridising to the 3' binding region B'A' 
associated with sequence X' to be amplified. Similariy the second primer CD is 
capable of hybridising to the 3' binding region D'C of the sequence X to be amplified. 
As such, each of primers AB and CD may comprise 30 to 60 bases. Furthermore 
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primer AB incorporates a digestion resistant region (denoted by the thickened Hne) 
which is comprised of at least one and preferably a plurality of modified nucleotides 
so as to be resistant to digestion by a 5' double strand specific exonuclease used in the 
reaction described more fiilly below and which is located between sequences A and B. 
Similarly the primer CD also includes a digestion resistant region between sequences 
C and D. 

The third and fourth primers each comprise sequences A and C respectively 
and do not incorporate modified nucleotides. 

Reference is now made to the reaction depicted in Fig. 3 which cakes place in 
the presence of the strands to be amplified, nucleotides, a strand displacing 
polymerase, a 5' double strand specific exonuclease and appropriate buffers. 

For simplicity. Fig. 3 does not show any hybridisation/extension reactions 
which would result in production of a double stranded nucleic molecule not 
incorporating a digestion resistant region since such double stranded molecules would 
be digested by the 5' double strand specific exonuclease and not contribute to the 
overall result of the reaction. 

To effect the reaction shown in Fig. 3, the double stranded target molecule 
shown in Fig. 1 is manipulated, by methods known in the art, so as to be in single 
stranded form as depicted in Fig. 3a. In this form, the first primer AB hybridises to 
the binding region B'A' and primer CD hybridises to binding region D'C Extension 
of primers AB and CD by the polymerase generates the two partial double stranded 
products illustrated in Fig. 3b. The double stranded molecules are the converted to the 
products of step (d) by one of two mechanisms. 

In one mechanism tlie double stranded regions of the products ser\'e as 
substrate for the 5 double strand specific exonuclease which removes those regions 



wo 99/49081 



PCT/GB99/00929 



10 

not protected by upstream (5 ) digestion resistant region, generating the single strand 
products shown in Fig.S.c. 

Long primers then hybridise to their complementary sequences in the single 
stranded products of step (c) (Fig.3.d.). 

The other, and possibly more likely, mechanism is similar to that shown below 
with reference to steps (g) and (h). More particularly, the 5'-ends of the extension 
products the long primers AB and CD are digested by the exonuclease to reveal sites 
to which the appropriate short primers A and C may bind. These short primers then 
undergo strand displacing polymerisation resulting in the production of single 
stranded molecules to which the long primers AB and CD as appropriate may bind 
(i.e. resulting in the products of step (d)). 

The hybridised long primers in the products of step (d) are extended by the 
above polymerase to generate the two partially double stranded products shown in 
Fig.3.e. In these products the only region that is susceptible to attack by exonuclease 
are the unprotected 5' regions of the extended Long Primers. These regions are. thus, 
removed by action of the exonuclease to generate the products seen in Fig.3.f. 

The single strand 3' overhanging regions created by the action of the 
exonuclease contain hybridisation sites for the short primers. Fig. 3.g. illustrates the 
hybridisation of Short Primers at these sites. The Short Primers are so positioned as to 
allow their extension by a 'strand displacing' DNA polymerase with the concurrent 
displacement of the downstream target copy into solution, as shown in Fig.3.h. The 
extended strand produced by strand displacing polymerisation of the Short Primer is 
not protected by nucleotide modification and will be degraded by the action of 
exonuclease to leave a single stranded product to which the appropriate Long Primer 
can adhere. Simultaneously, the displaced single strands contain, at their 3' ends, sites 
for hybridisation of the 3' ends of yet further Long Primers. 
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The four molecules, which result from strand displacing polymerisation, 
exonuclease degradation of susceptible double stranded regions, and hybridisation of 
suitable primers, is shown in Fig. 3.i.. Two of these molecules, those produced by 
exonuclease degradation of the unprotected Short Primer extension products, are 
ftinctionally identical to those generated in Fig.3.d. and, in suitable reaction 
conditions, will continue to cycle through the steps described between Fig.S.d. and 
Fig.3.i with the production of the two extra products seen in Fig. 3.i., at each cycle, 
and will not be considered further in the description. The two 'extra' products showm 
in Fig.3.i. are further processed, firstly, by the action of DNA polymerase, which will 
generate double stranded molecules. The long Primers from which poiymerisaiion 
occurred are partially susceptible to exonuclease degradation once they are rendered 
double stranded. The results of extension and exonuclease digestion of the susceptible 
regions are shown in Fig.3.j. As before, the digestion of the Long Primer by 
exonuclease reveals a site at which the short Primer will hybridise, generating the 
molecules seen in Fig.3.k.. Strand Displacing Polymerisation of the Short Primers 
(Fig. 3.1.), followed by exonuclease digestion of the extended strand, will again 
generate four molecules to which the Long Primer can hybridise, as shown in Fig.3.m. 

The first and fourth products shown in Fig.3.m. are functionally identical to 
the products shown in Fig.3.i. and, in the continuance of suitable reaction conditions, 
will cycle through the steps described between Fig.3.i. and Fig.3.m. with the 
production of the two extra products seen in Fig. 3.m., at each cycle, and will not be 
considered further in the description. 

The second and third products shown in Fig.3.m. are similar to those shown in 
Fig.3.d. except the molecule to which the long Primer is hybridised is bounded, at 
both ends, within the region to be amplified. Extension of the Long Primer by 
polymerase and exonuclease digestion of the susceptible region double strand 
produced generates the products shown in Fig.3.n.. which are functionally identical to 
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those shown in Fig.3.j., and, in the continuance of suitable reaction conditions, will 
cycle through the steps described between Fig.3.j. and Fig.3.n, with the production of 
the two extra products seen in Fig. 3.m., at each cycle. 

A number of modifications may be made to the process illustrated in Fig 3. 
For example, the 5' digestible regions of the first and second primers may be identical 
and such that they do not hybridise to the original target molecule (whereby the first 
and second primers only partially hybridise thereto). In this case, the first and second 
primers give rise to extension products having identical sequences of their 3' ends this 
permitting the third and fourth primers to be identical. There is the additional 
advantage that the use of a short sequence (in the first and second primer) for 
hybridising to the original target molecule provides for higher stringency. 

Alternatively or additionally the 5 '-ends of the first and second primers may 
have a partial degree of resistance to digestion (whilst still leaving a "digestible" 
region of the primer) to slow down the rate at which the primer is digested in the 
event that the 5 -double strand specific exonuclease also has activity for digesting 
single strands. Clearly however this 5 -ends of these primers should not be totally 
resistant to digestion. The partial degree of resistance may be provided by one or 
more nucleotides. 

Figure 4. illustrates a second embodiment of the method, which differs from 
the method outlined in Figure 3. by the inclusion in the reaction of modified 
nucleosides, which, upon incorporation into an extension product, provide some 
protection of downstream sequences from attack by double-strand specific 5' 
exonuclease. 

Fig. 4.a. shows the target molecule of Fig.2. rendered single stranded, with the 
Long Primers of Fig. 1. hybridised thereto. Fig. 4.b. shows the product of DNA 
polymerase mediated extension from the hybridised primers, using the target molecule 
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as template. The thickened lines in Fig. 4. illustrate those regions which contain 
modified nucleotides and are, therefore, refractant to digestion by the double-strand 
specific 5 exonuclease. 

The next figure (Fig.4.c.) illustrates the products of exonuclease digestion of 
the extended products of Fig. 4.b.. Exonuclease digestion reveals sites, on the newly 
synthesised strand, for the primers of the opposite pair to that used in its creation. Fig. 
4.d. illustrates the product of Long Primer hybridisation at these sites. 

Fig.4.e. illustrates the products of extension of the newly hybridised primers 
by the DNA polymerase using the synthesised target copy as template and 
incorporating nucleotides so modified as to render downstream (3 ) sequences 
resistant to exonuclease attack. 

Fig. 4.f. illustrates the products of the action of double-strand specific 5' 
exonuclease on the susceptible regions of the products shown in Fig. 4.e. Such action 
reveals hybridisation sites for the Short Primers of Fig. 2., and Fig. 4.g. shows the 
products of hybridisation of the short primers onto these. 

Fig. 4. h. illustrates the extension of the attached Short Primer sequences, 
using the target copy as template, by the 'strand displacing' polymerase, with 
concomitant displacement of the downstream sequence into solution. The extending 
Short Primer incorporates the modified nucleotides such that the newly synthesised 
region is refractant to the action of double-strand specific 5' exonuclease. The products 
of the strand displacing polymerisation are, therefore, resistant to exonuclease attack, 
except for the unprotected sequence of the Short Primer itself, which will therefore be 
removed. Removal of the Short Primer sequence will regenerate the site for Short 
Primer hybridisation. The second and third products of Fig. 4.i. illustrate the products 
of Short Primer hybridisation to these exposed sequences. It can be seen that these 
products are functionally identical to the products showTi in Fig.4.g. and. in the 
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continuance of suitable reaction conditions, will cycle through the steps described 
between Fig,4.g. and Fig.4.i. with the production of the two extra products seen in 
Fig. 4.i., at each cycle. These products will not, therefore, be considered further in the 
description. 

The first and fourth products shown in Fig.4.i. illustrate the single stranded 
displacement products of Fig. 4.h. with, hybridised at their 3* ends, the 3' ends of 
Long Primer sequences. Extension from these sequences, incorporating 'modified' 
nucleotides, and exonuclease digestion of vulnerable regions of the double stranded 
products of such extension, will yield the products shown in Fig. 4.j,. These products 
have short, single stranded, regions at one end, which are complementary to, and 
hence hybridisation sites for, the Short Primers. 

Fig. 4.k. illustrates hybridisation of Short primers at their hybridisation sites. 

Fig, 4.1. illustrates strand displacing polymerisation of the hybridised Short 
Primer sequences, using the target copy as template, incorporating modified 
nucleotides to protect newly synthesised sequences from exonuclease digestion. 

Fig. 4.m. illustrates the products of the strand displacing polymerisation 
shown in Fig. 4.1. following exonuclease digestion of susceptible regions and 
hybridisation of primers at potential hybridisation sites. The displaced single strands 
(products one and four shown) contain sites for hybridisation of Long Primers and are 
then functionally identical to the products shown in Fig 4.i.. In the continuance of 
suitable reaction conditions, these products will cycle through the steps described 
between Fig.4.i. and Fig.4.m. with the production of the two extra products seen in 
Fig. 4.m., at each cycle. 

Likewise, the other two products in Fig. 4.m. (the second and third products) 
are functionally identical to the products shown in Fig. 4.j. and, in suitable reaction 
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conditions, will continue to cycle through the steps described between Fig.4.j. and 
Fig.4.m. with the production of the two extra products seen in Fig. 4.m., at each cycle. 

For reasons of simplicity the methods outlined have been described in terms of 
discrete steps involving the actions of the of the enzymes involved running to 
completion before the next step in the process begins. While, in certain circumstances, 
this may be possible, by manipulation of conditions during the reaction such that only 
one or other of the enzymes involved is active at any given point in the reaction, in the 
preferred embodiment of the reaction it is envisaged that the reaction will occur in 
conditions which promote the simultaneous action of all components of the reaction. 

It should be further noted that, in a number of the schematic steps, when 
hybridisation sites are produced, since Long and Short primers share sequence 
homology, either may come to occupy those sites and, furthermore, may not be able to 
take part in the reaction as described. In these cases processes other than those 
explicitly described may occur. These might include; 

a) Short Primer occupying the hybridisation sites outlined in FigS.a. d. i. (the 
second and third products) and m. (the second and third products). In these cases, the 
likely outcome is a fatuous extension of the primer, using the target copy as template, 
to give an unprotected extension copy, which will be removed, by the action of the 
exonuclease, to reveal the hybridisation site once more. 

b) Short Primer occupying the hybridisation sites outlined in Fig. 4. a. and d.. 
In these cases the likely outcome is extension of the primer, using the target copy as 
template, and incorporating modified nucleotides such that the newly synthesised 
material is protected from digestion by the exonuclease. This product differs from the 
products described in the relevant figures only in the extent of modification of the 
sequence 3 to the short primer, which the Long Primer would have occupied. This 
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should have little or no effect upon amplification and these products should become 
incorporated into the reaction in the same way as Long Primer products would. 

c) Long Primer occupying the hybridisation sites outlined in Fig 3. g. and k. 
and Fig 4. g. i. (the second and third products) k. and m, (the second and third 
products). In these cases, the most likely outcome is the digestion of the unprotected 
5 region of the Long Primer, which will cause it to dissociate from the hybridisation 
site, revealing the site once more. 

While the above reactions may affect the efficiency of the amplificaiion 
reaction, they do not alter the nature of the processes involved and will not be 
discussed further. 

For the reasons outlined above, the schematic diagrams in Fig. 3. and Fig. 4. 
should be taken as indicative of the processes occurring, rather than an exact blueprint 
of the reaction. 

Additional modifications/additions to the method may be made using 
techniques known in the art. These may include; 

a) Using a non-natural target sequence such as a ligation product, a wholly 
synthesised sequence, a closed circular target molecule etc. 

b) Using as a target RNA, either naturally derived or wholly, or partially, 
manufactured, which can be converted to a homologous or complementary DNA 
sequence by methods known in the art. 

c) Using Long Primers which share 5' sequence homology such that a single 
Short Primer could ser\'e to generate product from each end of the target molecule 
during the amplification reaction. 
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d) Using target sequences or one, or more, primers which are covalently, or 
non-covalently, attached to a soHd phase. 

e) While the example reactions below are performed at 37°C using T7 gene 6 
exonuclease and the exonuclease deficient variant of the Klenow fragment of E. Coli 
DNA polymerase, there are polymerase enzymes known in the art which have higher 
temperature optima. In the presence of a thermophilic double strand specific ^' 
exonuclease, the reaction should occur at elevated temperatures. 

The invention will be illustrated by the following non-limiting examples. 
Example 1 

An amplification reaction was carried out using the following primers, 
template and reaction conditions. Two sets of primers were used. The first were 
primers EDA Ml and EDA M2 (a 37-mer and a 38-mer) containing four internal 
phosphorothioate linkages in series. The second set were the short displacement 
primers (16-mers) EDA Dl and EDA D2 whose sequences were identical to the first 
16 bp of the long primers reading from the 5' end. 

EDA Ml (SEQ ID NO. 1) 

5' TGG TGT GTG GAT CAA CGG CGC ACC CTA GAG GTC TTC A 3' 
EDA M2 (SEQ ID NO. 2) 

5' ACA TCA CGC ATG AAA CGC GCG GCA ATC GGT TTG TTG TA 3' 
(Italicised bases indicate the location of the phosphorothioate linkages.) 

EDADl (SEQ ID NO. 3) 

5' TGG TGT GTG GAT CAA C 3' 
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EDA D2 (SEQ ID NO. 4) 

5' ACA TCA CCC ATG AAA C 3' 

The short primers were used to amplify a conserved 129bp region of the 
glycoprotein B gene of Human CMV by PGR. This was the template used in the 
Amplification reaction and due to the primers used, the PGR amphfied fragment 
contained no phosphorothioate linkages 2 1 bp or other means of protection. 

GMV 129bp fragment sequence (SEQ ID NO. 5) 

3' TGG TGT GTG GAT CAA GGG GGC ACC CTA GAG GTC TTC CAA 
GGA ACT GAG CAA GAT CAA CCC GTC AGC CAT TCT CTC GGC CAT TTA 
CAA CAA ACC GAT TGG GGC GGG TTT CAT GGG TGA TGT 5' 

The following reaction mixture was prepared in a 0.2 ml thin w^alled PGR 
tube:5fil of lOx Klenow (exo ) reaction buffer (500 mM Tris-HCl pH 7.5, lOOmM 
MgCU , 10 mM DTT, 0.5 mg/ml BSA [Amersham]), 2|il of lOmM dNTP's 
(Pharmacia), 150 pmoles each of primers EDA Ml and M2, approximately 120 
pmoles of 129 bp template and ultrapure water to a final volume of 50uL Samples 
were mixed and incubated at 96^*0 for three minutes to denature and then allowed to 
cool to 37°C for 1 minute before addition of 20 units of Klenow (exo-) polymerase. 
Incubation was allowed to proceed at 37^*0 for two minutes before addition of the 
following mixture: 120 pmol each of primers EDA Dl and D2, 15 units of T7 gene 6 
exonuclease, 5^1 of lOx Klenow (exo ) polymerase (Amersham), and ultrapure water 
to a final reaction volume of 50^1. 16^1 aliquots were taken at the following intervals 
'0 time\ 60, 90, 120, 150 and 180 minutes. These were mixed with an appropriate 
dilution of loading dye and stored at 4'*C until ready for visualisation by 
electrophoresis on a 3% agarose gel containing ethidium bromide to a final 
concentration of 0.3^ig/ml. 
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The results are shown in Fig. 5 in which lane is a lOObp marker and lanes 2-7 
respectively illustrate the results obtained at "0 time" 60, 90, 120, 150 and 180 
minutes. The production of amplified product is clearly shown in lanes 5-7. 

Example 2 

An amplification reaction was carried out using the following primers, 
template, and reaction conditions. Two sets of primers were used. The first were long 
primers EDLM and EDUM (both 35mers) containing six internal phosphorothioate 
linkages in series. The second set were the short displacement primers (16-mers) 
EDUDP and EDLDP whose sequences were identical to the first 16 bp of the long 
primers and which contained two phosphorothioate linkages at their 5' end. 

EDLM (SEQ ID NO. 6) 

5' CGT TCA TCC ATA GTT GCC TGA CTC CCC GTC GTG TA 3^ 
'EDUM (SEQ ID NO. 7) 

5^ TAT TGC TGA TAA ATC TGG AGC CGG TGA GCG TGG GT 3^ 

EDUDP (SEQ ID NO. 8) 

5' CGT TCA TCC ATA GTT G3' 

EDLDP (SEQ ID NO. 9) 

5^ TAT TGC TGA TAA ATC T 3' 

EDA003B (SEQ ID NO. 10) 
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5'CCC TCC CGT ATC GTA GTT AT 3' 

EDAOO 1 MO (SEQ ID NO. 11) 

5' GTA TCA TTG GAG CAC TGG 3' 

(Italiscised bases indicate the location of the phosphorothioate linkages. Bases 
in bold indicate the presence of biotin label. Primers EDUDP (batch 1139-1) and 
EDLDP (batch 1139-2) were supplied by MWG-Biotech UK, Milton Keynes. UK; 
primers EDLM and EDUM were synthesised at Tepnel Life Sciences UK). 

The long primers were used to amplify a 129bp region (between bases 1568 
and 1662) of pUC 19 by PGR. This was the template used in the EDA reaction and 
due to the primers used, the PGR amplified fragment contained phosphorothioate 
linkages 18 bp from the 5' terminus of both strands. 

The following master mix was prepared: 15ml of xlO Klenow (exo-) reaction 
buffer;, 12mi of lOmM dNTP's; 6ml of 20 pmole/ml EDUM; 6ml of 20 pmole/ml 
EDUM; and ultrapure water to 120ml final volume. 10ml of ultrapure water 
containing 25ng, Ing or Ong of PGR amplified 129 bp pUC 19 template, was added to 
40ml of the above master mix, in 0.2 ml thin walled PGR tubes These samples were 
heated to 98°G for 2 minutes on a Biometra Trio 48 thermocycler before addition of 
50ml of a master mix comprising; 50ml of xlO Klenow (exo-) buffer, 4.5ml of 50 
pmole/ml EDLDP; 4.5ml; 50 pmole/ml EDUDP ; 4.5m of 50 pmole/ml EDUDPl; 
6ml; 5unit/ml Klenow (exo-) polymerase; 1.8ml of 50 units/ml T7 gene6 
exonuclease; and ultrapure water to 1 50^1 final volume. . 

Samples were incubated at 37°G for 4 hours. 17^1 aliquots were visualised on 
a visualised by electrophoresis on a 3% agarose gel containing ethidium bromide to a 
final concentration of 0.3|ag/ml (Figure 6a). In Fig 6a, lane 1 is a 100 bp marker, and 
lanes 2-4 show the results obtained using 25ng, Ing and Ong of template respectively. 
The production of amplified product can be seen in lanes 2 and 3. 
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In addition, the products from the reactions containing 1 ng of template and 0 
ng of template were tested using the DARAS™ system to confirm that the fragments 
generated were of the correct sequence. The oligonucleotide EDAOOIMO was 
covalently attached to a solid phase and used to capture the amplified product. Once 
captured the identity of the sequence was further confirmed by detection with the 
labelled probe EDAOOIB which was complementary to a sequence within the 129 bp 
fragment (Figure 6b). 
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CLAIMS 

1. A method of amplifying complementary first and second nucleic acid 
sequences each of which has a binding region at its 3' end, the method comprising 
treating the separated single stranded sequences with 

(a) first and second primers each capable of hybridising to the 3'-binding regions 
of the first and second strands respectively and each including remote from its 5'-end a 
digestion resistant region which, with the primer hybridized to the complementar>' 3 - 
binding region, allows only partial digestion of the primer by the enz>'me (d) having 
5*-double strand specific exonuclease activity, 

(b) third and fourth primers each having a degree of sequence homology with the 
partially digestible regions of the first and second primers respectively whereby the 
third and fourth primers are capable of hybridising to the 3 '-binding regions of the 
first and second strands respectively, 

(c) an enzyme having strand displacing polymerase activity, 

(d) an enzyme having 5' double stranded specific exonuclease activity, said 
enzyme (d) possibly being provided by enzyme (c) in the case where the latter also 
has the required exonuclease activity, and 

(e) nucleoside triphosphates, 

under conditions permitting hybridisation, exonuclease digestion and strand 
displacement polymerisation thereby producing an amplified amount of the first and 
second strands. 
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2. A method as claimed in claim 1 wherein the double stranded nucleic acid 
molecule is generated in situ from a single stranded nucleic acid molecule. 

3. A method as claimed in claim 1 or 2 wherein the digestion resistant region is 
provided by modified nucleotides or ribonucleotides. 

4. A method as claimed in claim 3 wherein the modified nucleotides provide 
phosphorothiate linkages which provide the resistance to digestion by the 
exonuclease. 

5. A method as claimed in any one of claims 1 to 4 wherein the first and second 
primers each comprise 30 to 60 bases. 

6. A method as claimed in claim 5 wherein the digestion resistant region is 
provided 15 to 25 bases from the 5' end of the first and second primers. 

7. A method as claimed in any one of claims 1 to 6 wherein the third primer is of 
a sequence corresponding to at least a portion of the sequence in the first primer on 
the 5' side of the digestion resistant region of that primer. 

8. A method as claimed in any one of claims 1 to 7 wherein the fourth primer is 
of a sequence corresponding to at least a portion of the sequence in the second primer 
on the 5' side of the digestion resistant region of that primer. 

9. A method as claimed in any one of claims 1 to 8 wherein the third and fourth 
primers comprise 12 to 30 bases. 

10. A method as claimed in any one of claims 1 to 9 wherein the 5 double strand 
specific exonuclease is T7 Gene 6 exonuclease. 
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11. A method as claimed in any one of claims 1 to 10 wherein the strand 
displacing DNA polymerase is at least one of, 9^N polymerase, Klenow (exo) 
polymerase, Bst polymerase. Vent (exo ) polymerase, or Deep Vent (exo ) polymerase, 
Pfu (exoO polymerase, Tth polymerase, Tfl polymerase. Tag polymerase or Bca (exo') 
polymerase. 

12. A method as claimed in any one of claims 1 to 11 wherein the steps of 
exonuclease digestion and strand displacing polymerisation are effectively separated 
by performing the two reactions separately by removal of enzyme between steps, or, 
under condhions which favour the action of one or other enzyme. 

13. A method as claimed in any one of claim 1 to 12 effected isothermally. 

14. A method as claimed in anyone of claims 1 to 13 wherein the digestible 
regions of the first and second primers are of identical sequence and the third and 
fourth primers are identical to these sequences. 

15. A method as claimed in anyone of claims 1 to 14 wherein the 5'-ends of the 
first, second, third and fourth primers have a partial degree of resistance to digestion. 

16. A method as claimed in any one of claims 1 to 15 wherein the amplification 
occurs in the presence of fiirther primers specific to other target sequences (multiplex 
amplification) or to all or some of the same target sequence (nested amplification). 

17. A method as claimed in any one of claims 1 to 16 wherein at least a portion of 
at least one of the nucleoside triphosphates provided as (e) of claim 1 is/are a 
modified such that when it is incorporated in a growing nucleic acid chain it is 
resistant to digestion by the exonuclease. 
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18, A method as claimed in any one of claims 1 to 17 wherein the nucleic acid is 
DNA. 

19. A method of amplifying complementan' first and second nucleic acid 
sequences each of which has a binding region at its 3' end, the method comprising the 
steps of 

(i) forming a reaction mixture comprised of the separated single strands 
together with 

(a) first and second primers each capable of hybridising to the 3'-binding 
regions of the first and second strands respectively and each including remote 
from its 5*-end a digestion resistant region which, with the primer hybridised 
to the complementar>' 3 -binding region, allows only partial digestion of the 
primer by the enzyme (d) having 5'-double strand specific exonuclease 
activity, 

(b) third and fourth primers each having a degree of sequence homology with 
the partially digestible regions of the first and second primers respectively 
whereby the third and fourth primers are capable of hybridising to the 3'- 
binding regions of the first and second strands respectively, 

(c) an enzyme having strand displacing polymerase activity, 

(d) an enzyme having 5' double stranded specific exonuclease activity, said 
enzyme (d) possibly being provided by enzyme (c) in the case where the latter 
also has the required exonuclease activity, and 



(e) nucleoside triphosphates. 
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(ii) effecting a reaction under conditions permitting hybridisation, exonuclease 
digestion and strand displacement polymerisation thereby producing an amplified 
amount of the first and second strands. 

20, A method of amplifying complementary first and second nucleic acid 
sequences each of which has a binding region at its 3' end, the method comprising 
treating the separated single stranded sequences with 

(a) first and second primers each capable of hybridising to the 3'-binding regions 
of the first and second strands respectively and each including remote from its 5 '-end a 
digestion resistant region which, with the primer hybridised to a complementary, 
allows only partial digestion of the primer by the enzyme (d) having 5'-double strand 
specific exonuclease activity, 

(b) third and fourth primers each having a degree of sequence homology with the 
particularly digestible regions of the first and second primers respectively whereby the 
third and fourth primers are capable of hybridising to the 3 -binding regions of the 
first and second strands respectively, 

(c) an enzyme having strand displacing polymerase activity, 

(d) an enzyme having 5' double stranded specific exonuclease activity, said 
enzyme (d) possibly being provided by enzyme (c) in the case where the latter also 
has the required exonuclease activity, and 

(e) nucleoside triphosphates, at least a portion of at least one of which is modified 
such that when it is incorporated into a growing nucleic it is resistant to digestion by 
the exonuclease. 
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under conditions permitting hybridisation, exonuclease digestion and strand 
displacement polymerisation thereby producing an amplified amount of the first and 
second strands. 
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Abstract 

A method is described for the efficient substitution, deletion or insertion of any desired DNA sequence into any 
viral infectious clones without the limitation of naturally occurring restriction sites. The technique employs the 
polymerase chain reaction combined with the resistance of 2'-deoxynucleotides 5'-0-(l-thiotriphosphate) dNTPs [S] 
bonds (phosphorothiate bonds) to the 5'-3' double strand specific T7 gene 6 exonuclease (T7 Exo) digestion. Primers 
used to amplify the DNA target regions being manipulated present three phosphorothioate bonds from the fifteenth 
base at the 5' end. The enzyme activity was shown to be completely inhibited by the presence of more than one 
phosphorothioate residue at the 5' end of the DNA molecules. When the amplification products are submitted to the 
exonuclease digestion the hydrolytic T7 Exo activity generates a short single strand DNA tail which contains the 
nucleotide integrity of the 3' strand. Since the ends of two independently amplified products overlap they can 
regenerate a stable recombinant structure when further combined in the same reaction tube in the presence of T4 
DNA ligase. This new method can be used for manipulating an HIV-1 full-length clone belonging to subtype D 
replacing the env (gpl20) gene for an F subtype sequence. © 1998 Elsevier Science B.V. All rights reser\'ed. 

Keywords: HIV-1 infectious clone; T7 Exo; Phosphorothioate primers 



Manipulation of infectious clones of viruses 
by mutating, deleting or substituting defined re- 
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gions has been an invaluable tool to investigate 
both viral regulation and gene function. Engi- 
neering such recombinants relies on the presence 
of restriction sites flanking the target regions, 
therefore limiting the constructions of specific vi- 
ral clones. 
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The purpose of this study was to develop a 
strategy to either substitute or delete specific re- 
gions of any DNA sequence independent of using 
naturally occurring restriction sites. This ap- 
proach employs the polymerase chain reaction 
(PGR) combined with the resistance of phospho- 
rothioate bonds to the 5'-3' double strand specific 
T7 Exo digestion (Kerr and Sadowski, 1972). The 
enzyme activity was shown to be completely in- 
hibited by the presence of more than one phos- 
phorothioate residue at the 5' end of the DNA 
molecules (Nikiforov et al., 1994). Primers used to 
amplify the DNA target regions being manipu- 
lated present three phosphorothioate bonds from 
the fifteenth base at the 5' end. When the amplifi- 
cation products are submitted to the exonuclease 
digestion the hydrolytic T7 Exo activity continues 
straight forward through the 5' end until it 
reaches the phosphorothioate bonds, generating a 
short single strand DNA tail which contains the 
nucleotide integrity of the 3' strand. Since the 
ends of two independently amplified products 
overlap they can regenerate a stable recombinant 
structure when further combined in the same reac- 
tion tube in the presence of T4 DNA ligase. The 
overall approach is outlined in Fig. 1. 

The method was illustrated in an experiment 
where an HIV-1 full-length clone belonging to 
subtype D, named Z6, carried by pBR322 (Srini- 
vasan et al., 1987) was manipulated. The goal was 
to replace the env (gpl20) gene of Z6 clone with 
that of the F subtype, which is carried by pEN- 
VBZ59 (a gpl20 sequence of a Brazilian isolate 
that was cloned in a pCR2 vector; TA Cloning 
Kit, Invitrogen). A large 13.0-kb fragment encom- 
passing the HIV genome, but the gpl20 gene, as 
well as the vector backbone was amplified using 
pZ6 as template; the sense primer corresponds to 
nucleotide positions 7754-7790 of pZ6 clone 
(ExtF, 5'- ATAGGACTAGGAG^C^T^ATGTT- 



CCTTGGGTTCTTGGGA-3') and the antisense | 

primer corresponds to nucleotide positions 6195- ] 

6231 of pZ6 clone (ExtR, 5'-CATTGCCACTGT- | 

C^T^^T^CTCGCTCTrTCTCTTATTCTA-3') in ] 

which S stands for (dNTP[3;S]), Conditions Toi 

PCR amplification were as described in the XL 

PCR kit (Perkin Elmer, NJ) as followed. The 

reactions were carried out based on the hot start 

procedure, which consists of the use of a layer to 

separate two mixture reactions, the lower and 

upper reagent mix: the lower reagent mix, which 

is placed at the bottom of the tube, contains 12 , 

of 3.3 X XL buffer, 200 //M of deoxynucleoiidc 

triphosphate, 4.4 /zl of MgCOAc). 25 mM, 25 

pmol of each primer and water in a total volume 

of 40 //I. One AmpliWax PCR GEM 100 was 

added on the top of the mixture, followed by 

heating the tubes at 15°C for 5 min in order lo 

melt the wax. The reaction tubes were then cool:^ 

to room temperature. The upper reagent mix con- ^ 

sists of 10 ng of DNA template, 18 //I of the 1 

3.3 X XL buffer, 2.0 //I of rTh DNA polymerase : 

and water to total volume of 60 ml. The mixture ^ 

is then placed over the wax layer. The thermocy- f 

cling conditions were as follows: heating at 94''C j 

for 2 min, 16 cycles of 95X for 15 s and 60X lor :] 

12 min, followed by 24 cycles of 95°C for 1 5 s aiul :j 

of 68°C for 13 min with extensions of 15 s per ^ 

cycle, and a final extension of 68°C for 12 min. ; 

Another fragment of 1.5 kb containing the gpl20 i 

gene of F subtype was amplified using pEN- i 

VBZ59 as template. The reactions were carried 

out with 20 pmol of each primer (IntF: 5 - i 

ACAGTGGCAATGASGSASGCGAGGGAC : . \ 

TAGAGAGGAAT-3') and (Ext.R: 5'-TCCTAG- \ 

TCCTATTSGSCSTCTTTTTTCTCTTTCCACC- 

AC-3'), 10 ng of pENVBZ59 as template, 200 mM 

of each deoxynucleotide triphosphate, 2.5 U of 

Taq polymerase and 2.5 mM MgCU. The reac- 



Fig. L Schematic representation of the new strategy. (1) PCR amplification of the vector backbone (Piasmid A) and the DNA 
sequence to be replaced (Piasmid B; the donor sequence vector). (2) Treatment of each amplified product with Exo T7 enzyme to 
expose the 3' overlapping end of each strand. (3) Enzyme inactivation with temperature treatment (70°C for 10 min). (4) T4 ligation 
reaction of the vector backbone and the insert to renaturaie the molecular clone. Piasmid C represents the final recombmant 
construct. The protected primers are represented by arrows (the triangles at the 5' of the arrows stand for the nucleotide 
phosphorothioated bonds). Each pair of overlapping primers are represented by the same arrow type (open or closed). The 
restriction sites of the enzymes used in the molecular characterization of the clones are shown. 
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lions were subjecicd to ihree cycles or94°C for 15 
s for DNA denaiuraiion, followed by 55°C for I 
min for primer annealing and 72°C for 1 min for 
extension. Then 32 more cycles were carried out 
of denaturalion (30 s at 94°C). annealing (30 s at 
55°C), extension (1 min at 72°C) and fmishing 
with 72°C for 5 min: 1 10 of each reaction volume 
was subjected to electrophoresis in a 0.8% agarose 
gel to confirm the amplifications of desired frag- 
ments (data not shown). The PCR products were 
purified using Quiagen Qiaquick Spin PCR Purili- 
cation Kit (Quiagen. Chatsworth) following the 
standard protocol. For generation of single strand 
3' end of each amplified fragments. T7 Exo (US 
Biochemical) enzyme was added to a final concen- 
tration of 2 U mg of PCR product. The reaction 
tubes were incubated for 1 h at room temperature. 
After this incubation period the reaction tubes 
were placed at 70°C for 10 min in order to 
inactivate the enzyme. The T7 Exo digested Z6 
(gpl20 minus) and gpl20 gene of F subtype were 
then combined in a single lube with a 5:1 ratio of 
the small to the large fragment, T4 DNA ligase 
was added following the kit protocol instructions 
(Rapid DNA Ligation Kit. Boehringer- 
Mannhein) and the incubation was carried out as 
recommended to allow the regeneration of the 
recombinant construct. One tenth of this ligation 
reaction was used to transform E. coli MAX 
efficiency DH57F' IQTM competent cells (Gibco- 
BRL, Gaiihersburg), following plating on ampi- 
cillin/kanamicin-containing plates. The plasmid 
DNA from the colonies was isolated and the 
uncut plasmid DNA was fractionated by elec- 
trophoresis. All recombinants showed one band 
with the same elect ropho ret ic mobility as that of 
the control pZ6- demonstrating that they pos- 
sessed the insert (data hot shown). In order to 
confirm the substitution, the obtained recombi- 
nant molecules were used in digestion reactions 
with EcoR\ or BamH\ restriction enzymes and 
the final products fractionated on a 0.8% agarose 
gel (Fig- 2. lanes 1. 2 and 4, 5 respectively). As 
control, pZ6 was also used for digestion with 
these two restriction enzymes (Fig. 2, lanes 3 and 
6, respectively). Since gpl20 region of F subtype 
has a BaniH \ restriction site that is not present on 
the same region of pZ6 and an EcoR\ restriction 



MW 1 2 3 4 5 6 MW 




Fig. 2. Molecular characicrizaiion ofllie pZ6 and recotnhn 
constructs, in order lo confirm the gpl20 substitution at \\w 
pZ6 two clones obtained after manipulation wore digested 
with £(Y>RI or BamVW and the digestion pattern compared 
with thai of pZ6. Lanes 1 and 2. 4 and 5: clones pZ6 gpl20ri 
and pZ6gpl20/F2 digested with EcoRl and BantWl respec- 
tively. Lanes 3 and 6: digestion of pZ6 with Eci)R\ and 
BaniH\. respectively. M\V. molecular weight (l-kb ladder). 

site present in the latter is absent in the F subi>, 
two different restriction patterns could be distin- 
guished from the recombinant molecule when 
compared with pZ6. therefore leading to the con- 
clusion that the recombinant constructs possess 
the gpl20 of F subtype. In addition, the recombi- 
nants were characterized by dideoxynucleotide se- 
quencing. Both junction boundaries between ' 
PCR products and the entire gpl20 F gene were 
identical to those expected for the procedure, 
providing evidence that the method of generating 
new recombinants is effective since none of the 
alterations as insertions, deletions or mutations 
were observed in this construct (data not shown). 

To determine whether the recombinant pZ6 
gpl20 F is able to produce viral particles as it the 
pZ6 itself, 1 mg of each plasmid preparation was 
transfected into Cos-7 cells fotlowing the lipofec- 
taniine protocol (Gibco-BRL. Gaitliersburg). 
Aliquots of cell-free supernatants were collected 
24, 48, 72 and 96 h after transfection and the 
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Fig. 3. Kinetics of virus production on transfecied Cos-7 cells. 
One microgram of pZ6 (♦), pZ6/gpl20FI (■) or pZ6/ 
gpl20F2 (A) proviral DNA was used for transfection and the 
virus production monitored at 1-day intervals by HIV- 1 p24^''^ 
in cell-free supernatants. 

presence of virus monitored by Coulter HIV-1 
p24s^*^ antigen enzyme-linked immunosorbent as- 
say (ELISA) (Coulter Immunology). As seen in 
Fig. 3 the recombinant virus yield was similar to 
that observed for the pZ6 used as control. The 
virus particles released in the medium were able to 
establish successful infection in HIV permissive 
CD4 -f cells (data not shown), demonstrating the 
viability of the construct and the success of the 
method. 

A new procedure is described to introduce ge- 
netic changes into any recombinant DNA clone 
with surgical precision without the requirement of 
the presence of restriction sites, overcoming the 
drawback of the current approaches. Although 
another rnethod of cloning and/or modification of 
any DNA sequence independent of naturally oc- 
curring restriction sites has already been described 



(Kerstien and Sorge, 1996), that approach uses 
specific primers containing a site for a type IIS 
enase (Earn 11041), requiring the utilization of 
modified deoxynucleotides (5-methyl-deoxycy- 
tosine) during PCR reactions to protect all inter- 
nal restriction sites for this enase present in the 
template molecules. However, this type of strategy 
is less efficient and time consuming, since the 
PCR reaction (the critical step of the method) 
tends to be inhibited by the presence of methy- 
lated deoxynucleotides (Wong and McClelland, 
1991). The advantage of the method described 
here is the generation of very precise recombi- 
nants in a nucleotide sequence context close to 
that found in nature in a simply and efficient way 
requiring few manipulation steps. 
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The DNA polymerase induced by bacteriophage T7 
can be isolated in two different forms. The distinguish- 
ing properties are: 1) the specific activities of the as- 
sociated 3' to 5' single- and doable-stranded DNA exo- 
nuclease activities, 2) the ability to catalyze DNA syn- 
thesis and strand displacement at nicks, and 3) the 
degree of stimulation of DNA synthesis on nicked, 
duplex DN As by the gene 4 protein of phage T7. Form 
I is obtained when purification is carried out in the 
absence of EDTA while Form n is obtained if ail puri- 
Hcation steps are carried out in the presence of 0.1 mM 
EDTA. Form I has low levels of both exonuclease ac- 
tivities, 1^ than 5% of those of Form n. Form I can 
initiate DNA synthesis at nicks leading to strand dis- 
placement^ a consequence of wluch^iSiite ability to be 
stimulated mtmyfold by the, iii^^ of gene 4 

protein on nicked, duplex templates. Oil the other hand, 
Form n cannot initiate synthesis at nicks even in the 
presence of gene 4 protein. In keeping with its higher 
exonuclease activities, Form n of T7 DNA polymerase 
has higher turnover of nucleotides activity (5-fold 
higher than For/j I) and exh*^its greater Hdelity of 
nucleotide incorporation, as indicated by the rate of 
incorporation of 2-aminopurine deoxynucleoside mon- 
ophosphate. Both forms of T7 DNA polymerase exhibit 
higher Hdelity of nucleotide incorporation than bacte- 
riophage T4 DNA polymerase. In the absence of EDTA 
or in the presence of FeS04 or CaCU, Form D irrevers- 
ibly converts to Form I. The physical difference be- 
tween 'the two forms is not known. No difference in 
molecular wr;rht can be detected between the corre- 
sponding sttbunits of each form of T7 DNA polymerase 
as measured by gel electrophoresis in the presence of 
sodium dodecyl sulfate. 



Bacteriophage T7 provides a mo^el for understanding the 
mechanisms involved in the replication of a linear, duplex 
DNA molecule. Within a 12-min period after infection, the 
40,000-base pair T7 DNA molecule is duplicated several 
hundred times to give rise to a burst of 200 phage particles. 
To accomplish this feat, T7 has evolved an extremely e£5cient 
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and economical mechanism for the replication of its DNA. 
The T7 genome is sufficiently large to encode its own npU- 
cation proteins, bypassing the host replication machinery. 
Two proteins, the T7 DNA polymerase and gene 4 protein, 
play a major role at the replication fork and can account f r 
many of the events known to occur tn vuio (1). 

T7 induces the synthesis of its own DNA polymerase tqwn 
infection of Escherichia coli (2, 3). The T7 DNA polymerase 
has been purified to near homogeneity (2, 4-6) iand shown to 
be composed of two subunits (4, 7, 8). One subunit is the 
84,000-Da polypeptide specified by gene 5 of the phage, whil 
the other is the 12,000-Da thioredoxin specified by the trxA 
gene of E. coli (9). In addition to catalyzing the polymerization 
of nucleotides, T7 DNA polymerase has two associated exo- 
nuclease activities <6, 10), The enzyme possesses both single- 
stranded and double-stranded DNA exonuclease activities, 
both of which hydrolyze DNA in a 3' to 5' direction. 

Both the T7 gene 5 protein and the E. coli thioredoxin have 
been purified to near homogeneity from ceil extracts by mon- 
itoring the ability of each to restore polymerase activity to 
fractions containing the other subunit (7, 11). Hie purified 
subunits have also been obtained by dissociating homogene- 
ous T7 DNA polymerase into biologically active subunits 
using guanidine HCl (6). Neither the gene 5 protein nor 
thioredoxin itself has detectable DNA polymerase activity (6, 
11). Gene 5 protein alone has the 3' to 5' sin^e-stranded 
DNA exonuclease found in T7 DNA polymerase, but not the 
dorble-stranded DNA exonuclease activity <6, 10). The addi- 
tion of thioredoxin to the gene 5 protein restores the double- 
stranded DNA exonuclMise activity as well as the polymerase 
activity. In fact, thioredoxin and gene 5 protein together form 
a molecular complex indistinguishable from T7 DNA polym- 
erase synthesized in vivo (11). 

The gene 4 protein of phage T7 has multiple activities. It 
is a single-stranded DNA-dependent nucleoside 5'-triphos- 
phatase (12), a helicase (12), and a primase (13-18). The 
helicase activity of the gene 4 protein was initially inferred 
from its ability to stimulate T7 DNA polymerase using 
nicked,* duplex DNA as a template, a reaction that requires 
the hydrolysis of NTPs to NDPs and Pi (12). Subsequent 
studies showed that synthesis in the presence of the two 
proteins is iuitiated at nicks in the duplex DNA and that the 
polymerization reaction is accompanied 1^ strand displace^ 
ment (19). In the presence of rNTPs, the gene 4 protein, 
acting as a primase, recognizes specific pentanudeotide se- 
quences on the displaced strand (14) and synUiesizes tetia- 
nucleotide primers (13-18), which in turn are extended by T7 
DNA polymerase to yield Okazaki fragments. Both the heli- 
case and primase activities of the gene 4 protein require the 
hydrolysis f NTPs, a reaction that requires the presence of 
single-stranded DNA. The hydrolysis f NTP is, in turn. 



* A nick in DNA is defined here as a single phosphodiester bond 
interruption in which a 5'-phosphoryl group and a 3'-hydioxyl group 
are present. 
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- coupled to the 5' to 3' unidirecti nal translocation of the gene 
4 prot€ui along a DNA strand (1, 14). 

A distinguishing feature of our initial prc|?^ rations of T7 
DNA polymerase is their ability to be stimulated by gene 4 
protein toe py-nicked, duplex DNA; gene 4 pr tein is without 
effect n £. co/i DNA polymerases I, II, and III, or T4 DNA 
polymerase (20). However, Fischer and Hinkle (21), using T7 
DNA polymerase purified by a different procedure, found that 
the polymerase could not use nicked, duplex DNA as a primer- 
template even in ;he presence of gene 4 protein. Stratling and 
Knippers (22) had reported earlier that their preparation of 
T7 DNA polymerase could not be stimulated by gene 4 pro- 
tein. 

In this paper, we show that the two forms of T7 DNA 
polymerase exhibit several distinguishing properties. Using a 
new, sensitive assay we have found that Form I of T7 DNA 
polymerase, representative of our earlier preparations of the 
enzyme, catalyzes Hmitec* strand displacement synthesis at 
nicks in duplex templates, a reaction that is characterized in 
detail in the following paper (23). Form II of T7 DNA polym- 
erase, purified using procedures in which EDTA is present in 
all the buffers, catalyzes little, if any, net synthesis at a nick. 
Form I can be stimulated by gene 4 protein at nicks, while 
Form II cannot. Finally, we show that Form II has 20- to 50- 
fold higher levels of both single- and double-stranded exonu- 
clease activities than Form I of T7 DNA polymerase. Even 
with this large difference in exonucleaisc activities, the fidelity 
of both forms exceeds that of T4 DNA polymerase. 

While the various distinguishing properties may seem un- 
related to one another, we believe that all of the differences 
are the result of a single change in the enzyme. In the 
accompanying paper f14), we show that a displaced single 
strand is required for the helicase activ.ty of gene 4 protein. 
Thus, the inability of Form II to be stimulated by gene 4 
protein is a consequence of its inability to catalyze strand 
displacement synthesis at nicks. We suspect that the rela- 
tively high exonuclease activity of Form II may decrease the 
strand displacement activity of the enzyme (see "Discussion"). 
As Fischer and Hinkle (21) reported and we show here, the 
form of the polymerase isolated from extracts of cells infected 
with phage T7 it -irgely determined by the presence or 
absence of EDTA in the buffers used during purification. In 
fact, purified Form II may be converted to Form I by removal 
of EDTA during prolonged dialysis. However, no physical or 
chemical differences between the two forms have been foimd. 

EXPERIMENTAL PROCEDURES 
Materials 

Bacterial Strains and Bacteriophages— E, coli DUO Su~ thy end 
polAl has been described previously (25). E. coli Oil' Su* thy, and 
T7 phage were obtained from Dr. F. W. Studier (Brookhaven National 
Laboratoiy). T7 amber mutants are designated by subscript' notation 
indicating the mutant gene only. The amber mutations used are: gene 
3, am29; gene. 4, am20; gene 6, aml47. VI phages were grown on E. 
coU 01 1 ' es described by Studier (26-28). 

DAM— Unlabeled and 'H-labeled DNA from bacteriophage T7 was 
prepared as previously described (^). Bacteriophage 0Xl74am3 DNA 
was isolated by the method of Hutchison and Sinsheimer (30). Plas- 
mid pBR322 DNA was prepared as previously described (31). 

Nucleotides— Vxdehelsd nucleotide were purchased from P-L Bio- 
chemicals. 2-Amindpurine deozynudeoside [a-^]triphosphate was 
a gift from Dr. M. J. Bessman (Johns Hopkins University). Other 
radiolabeled nucleotides were obtained from New England Nuclear. 

finaymcs— Bacteriophage T7 gene 4 protein was Fraction V (50% 
pure) of Kolodner et aL (20). The specific activity of the preparation 
was 2500 units/mg, assayed as previously described (20). T7 DNA 
ligase was purified a procedure to be published elsewhere.' Alkaline 



' M. J. Engler, R. L. Lechner, and C. C. Richardson, unpublished 
results. 



phosphatase from E. coli was obtained from Worthington and further 
purified (32). T4 polynucleotide kinase was fraction VI of the proce- 
dure of Richardson (3?). 

Other Afaierto/s— Polyethyleneimine cellulose thin layer plates 
were purchased from Brinkmann. Ultrapure ammonium sulfate and 
sucrose were from Schwarz/Mann. Streptomycin sulfate was from 
Merck. 

MeHiods 

DNA Polymerase Assay— Tl DNA polymerase was assayed as 
described by Adler and Modrich (6). One unit of polymerase activity 
catalyzes the incorporation of 10 nmol of total nucleotide into an 
acid- insoluble form in 30 min under the conditions of the assay (2). 

Exonuclease Assays — Exonuclease assays were performed as de- 
scribed by Adler and Modrich (6). Double-stranded and single- 
stranded DNA exonuclease activities were measured using native T7 
[^HJDNA or denatured siiigle-stranded T7 fHJDNA, respectively. 
One unit of exonuclease catalyzes the acid solubilization of 10 nmol 
of nucleotide in 30 min under the conditions of the assay. 

RN A- primed DNA Synthesis — Gene 4 protein-primed DNA syn- 
thesis on single-stranded DNA templates w.is carried out in a reaction 
mixture containing T7 gene 4 protein and rNTPs in addition to T7 
DNA polymerase and dNTPs. Incubation mixtures (0.05 ml) con- 
tained 50 mM Tri:' nCl (pH 7.5). 10 mM MgCU, 5 mM dithiothreitol, 
150 MM dCTP. dGTP. dATP, rATP, rUTP. rGTP, rCTP, and fH] 
dTTP (66 cpm/pmol), 20 mM KCl. 2 nmol of single-stranded 0X174 
DNA, 0.8 unit of T7 DNA polymerase, and gene 4 protein as indicated. 
After incubation at 30 *C for 30 min; acid-insoluble radioactivity was 
determined as previously described (34). 

Stimulation of 77 DNA Polymerase by Gene 4 Protein on Nicked, 
Duplex Templates— Reaction mixtures (0.1 ml) contained 40 mM 
Tris-HCl (pH 7.5), 20 mM MgCls, 10 mM 2-mert:aptoethanol, 150 fiM 
dCTP. dGTP, dATP, and [^HJTTP (82 cpm/pmol). 100 /xg/ml bovine 
serum albumin, 6 nmol of T7 DNA, 0.1 unit of T7 DNA polymerase, 
and gene 4 protein as indicated. After incubation at 30 °C for^20 min, 
acid-insoluble radioactivity was determined as previously described 
. (34). " - 

Turnover and Nucleotide Selectivity Assays — Turnover is defined 
as the DNA-dependent conversion of deoxynuclecside triphotiphates 
into their corresponding monophosphates. Reaction volumes were 
adjusted for the number of time points necessary for the experiment 
Each incubation mixture contairied 50 mM Tris-HCl (pH 7.5), 10 mM 
MgCl2, 5 mM dithiothreitol, 300 /xM nucleoside triphosphates as 
indicated, 4; units/ml of either Form I or Form II of T7 DNA 
polymerase, and the indicated DNA template. The concentration of 
denatured salmon sperm DNA was 200 /ig/ml. The concentration of 
the duplex circular DNA bearing a preformed, topologically :>vable 
replication fork (23) was 3 /tg/ml. Incubation temperature was 37 "C. 

Nucleotide concentrations in the turnover assay were determined 
by thin layer chromatography (35). Aliquots (10-15 ft\) were removed, 
added to 5 /il of a solution containing 50 mM EDTA and dATP and 
dAMP as markers, applied to a polyethyleneimine plate, and devel- 
oped with 1 M LiCl. Ultraviolet ligfat-absoriiing spots were cut out 
and radioactivity was determined by liquid scintillation counting. 

Purification of Enzymes — Form II of T7 DNA polymerase was 
. piuified as follows. £. coli DllO was grown and. infected with TZajs as 
previously describe.'* (36). Cell paste was suspended in 0.05 M Tris- 
HCl (pH 7.5). 10% sucrc^ to a final volume of 4 ml/g of ceUf>. 
Aliquots were frozen in liquid nitrogen and stored at —85 *C. 

Frozen cells (35 ml) were thawed overnight on ice arid divided into 
> two aliquots of Spinco Type 30 rotor tubes, and 0.33 ml each of 5 M 
NaCl and a solution of 10 mg/ml lysozyme, 50 mM Tris-HCl (pH 
7.5), 10% sucrose were added to e<\ch tube. After 45 min at 0 *C, the 
tubes were transferred to a 37 'C water bath, heated to 20 'C with 
stirring, and then chilled to 5 *C. in an ice bath with stirring. The 
; lysates were then centrifuged at 30,000 rpm for 45 min in a Spinco' 
Type 30 rotor. The i42co of the supernatant fluid was 140. 

To 25 ml of the supernatant fluid were added 2.8 ml of freshly 
prepared 30% streptomycin sulfate over a 30-min period with stirring. 
After stirring an additional 30 min, the precipitate was removed by 
centrifugation. 

Ammonium sulfate was then added to 50% saturation with stirring 
over a 30-min period. After stirring for an additional 30 min, the 
precipitate was collected and dissolved in 15 ml of 20 mM Tris-HCl 
(pH 7.5), 0.1 mM EDTA, 0.1 mM dithiothreitol, 10% (v/v) glycerol 
(Buffer A) (Fraction III). 

A column of Whatman DE52 DEAE-cellulose (1.8 cm' x 12 cm) 
was prepared and equilibrated with Buffer A containing 0.1 M NaCL 
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Fraction III (3700 units of activity) was adjusted to a conductivity 
less than that of the column buffer by the h 'irion of 15 ml of Buffer 
A and applied to the column at a rate of \:» . J/h. The column was 
washed with 30 ml of Buffer A conUining 0.1 M NaCl. and prouins 
were eluted with a 200-ml linear gradient from 0.1 to 0.5 M NaCl in 
Buffer A. A How rate 0^15 tnl/h was maintained and fractions of 3.5 
ml were collected and assayed for DNA polymerase activity. Fractions 
containing 80% of the total eluted activity were combined and di- 
alyzed against 20 mM ^tassiiim phosphate buffer (pH 7.4), O.I mM 
EDTA. 0.5 m-M dithiothreitol. 20% (v/v) glycerol (Buffer B). The pool 
contained 20 2 ml and was dialyzed against 1 liter of Buffer B twice, 
each time for 3 h (Fraction IV). 

A column of Whatman P-11 phosphocellulose (0.7 cm^ x 7 cm) 
was prepared and equilibrated with Buffer B. 17 ml of Fraction IV 
containing 1600 units of activity were applied to the column at a rate 
of 4 ml/h and washed with Buffer B containing 0.1 M KCl. Proteins 
were eluted with a 50-ml linear gradient from 0.1 to 0.5 M KCl in 
Buffer B. Fractions containing 80% of the activity wei« pooled and 
concentrated by dialysis against dry Sephadex G-lOO and then against 
Buffer B containing 50% (v/v) glycerol. The total concentration was 
approximately 5-fold and the last dialysis was overnight (Fraction 
V). Fraction V contained 870 units of polymerase activity and was 
stored at -20 X. 

Form II of T7 DNA polymerase has also been purified by modifying 
the procedure of Adler and Modrich (6). EDTA (0.1 mM) was included 
in all buffers starting with redissolving the ammonium sulfate precip- 
itate (Fraction III). The only exception was that the hydroxy lapatite 
column was equilibrated in the absence of EDTA but the sample 
contained EDTA and proteins were eluted using a gradient containing 
EDTA. A similar modification has been used^by Fischer and Hinkle 
(21). We have detected no differences iri the properties of the enzyme 
purified by either of these methods. Unless indicated otherwise, Form 
II of the T7 DNA polymerase was purified as described in detail here. 

The procedure of Adler and Modrich (6) has been used to prepare 
Form I of the T7 DNA polymerase. This procedure, which does not 
include EDTA until the final concentration and storage, yields a 
variable mixture c" the two forms T7 DNA polymerase. W^e have 
determined the proportion of Form h . y examining the level of either 
single-stranded or double-stranded exonuclease (see "^Results'*) and 
have chosen a preparation of T7 DNA polymerase with a high fraction 
of Form I. Unless noted otherwise, Form I of T7 DNA polymerase 
was this preparation. 

Form I can also be prepared from Form II by dialysis against a 
buffer solution containing no EDTA. We have successfully prepared 
Eerm I from Form II at the stage of the phosphocellulose pool, iust 
prior to concentration and dialysis against the storage biiffer. Portions 
of the phospho^^ellulose pool of Form II of T7 DNA polymerase 
(unconcentrated Fraction V) were dialyzed against 500 volumes of 20 
mM potassium phosphate buffer (pH 7.4), 0.5 mM dithiothreitol. 20% 
glycerol at 0 'C. Dialysis for 4 days with changes of dialysis every 24 
h led to greater than 90% conversion of Form II to Form I as measured 
by the levels of exonuclease activity (see "Results"). 

Preparation of Nicked, Circular DNA Containing 5' -^P-Phospho- 
monoesters—VXastmd pBR322 DNA was nicked with the restriction 
enzyme EcoRI as described in the following paper (23), and labeled 
by the method of Weiss et al (32), First, phosphomonoesters were 
hydrplyzed by incubation with bacterial alkaline phosphatase. The 
incubation mixture (1.0 ml) contained 50 /ig of EcoRI-hicked pBR322 
DNA, 10 mM Tris-HCl (pH aO), 20 mM NaCl, and 1 unit of alkaline 
phosphatase.* The mixture was incubated for 30 min at 65 *C wii^h 
additional phosphatase ( 1 unit) added at 10 and 20 min of incubation. 
Next, 5'-^-phosphomonoester8 were introduced fay incubation with 
polynucleotide kinase and (7-^lATP. The reaction mixture (1.25 
ml) contained 50 /ig of phosphatase-treated DNA, 7& mM Tris-HC! 
(pH 8.0), 10 mM M^ls, 17 mM 2-mercaptoethanol, 1.4 mM potassium 
phosphate buffer (pH 7.5), 17 mm |7-"P1ATP (6 x lO*** cpm/Mmol), 
and 75 units of T4 polynucleotide kinase. The mixture was incubated 
for 45 min at 37 *C with additional potynucfeotide kinase (30 units) 
added at 15 and 30 min. The DNA was extracted once with phenol 
and then with chloioform/isoamyl alcohol (24:1). Unreacted |ir*'^l 
ATP was removed by gel filtration using a Sephadex G-75 column. 
* Other Methods— Protein was determined by the procedure of 
Lowry et aL (37) using bovine serum albumin as the standard. 
Polyacrytamide gel electrophoresis in the. presence of 0.1% sodium 
dodtecyl sulfate was performed aoj^rding to Laemmli (38) using the 
slab gel system of O'Farrell (39). The resolving gel consisted of two 
parts. The bottom half was 17% polyacrylamide and the top half was 
10% polyacrylamide. The stacking gel was 4.75% polyacrylamide. 



Geh were stained with Coomas«ie-brilliiant Iwue -as-described-by 
Fairbanks et aL (40). DNA concentrations were determined from 
reported specin eh^:** ' ices at 260 nm and ate expressed as nucleo- 
tide equivalents. Denatured T7 DNA was prepared fay heating T7 
DNA in a boiling water Ijath and quickly cooling to 0 *C. All pH 
measurements were made at room temperature at a buffer concentra- 
tion of 0.05m. 

RESULTS 

Purification and Assay of Form I and Form II cf 77 DNA 
Polymerase— TJ DNA polymerase has been purified by a 
variety of procedures by monitoring the activity of the polym- 
erase on denatured DNA templates (2-6, 21). Only the study 
of Fischer and Hinkle (21) recognized the existence of an 
alternative form of the polymerase that could not be stimu- 
lated by gene 4 protein on nicked, duplex DNA templates. 

I he purification procedure devised here for Form II of T7 
DNA polymerase arose as a result of our attempts to purify a 
factor that would prevent strand displacement or a form f 
T7 DNA polymerase that would not carry out strand displace- 
ment at a nick. Such a reaction, catalyzed by Fonn I and 
described in the following paper (23), frustrated our eariy 
attempts to process and join Okazaki fragments (41). Concur- 
rent studies on the mechanism of action of the helicase, 
activity of the gene 4 protein of phage T7 suggested to us that 
the inability of the polymerase purified by Fischer and Hinkle 
(21) to be stimulated hy gene 4 protein at nicks was, in fact, 
a consequence of its inability to cany out strand displaceinent 
synthesis. As is shown in the accompanying paper (23), we 
feel that Form II of T7 DNA polymerase described here is the 
same as the DNA polymerase described by Fischer and Hinkl 
(21). Similar to their procedure, we had included EDTA in 
our column buffers and, as will be shown below, this is the 
significant difference in the purification procedure for,Form 

II of T7 DNA polymerase. The procedtire devised by|Adler 
and Modrich (6) will also yield Form II provided OA mU 
EDTA is iricluded in the buffers during purification, 

Form I can be prepared directly from Form II by pnuonged 
dialysis in the absence of EDTA as described below. H<fi^ver, 
niost preparations of T7 DNA polymerase purified in the 
absence of EDTA yipld either a mixture of Form T and Form 
II or almost exclusively Form I. Here we have used the 
procedure of Adler and Modrich (6) to obtain a prqMuation 
of T7 DNA polymerase which, as judged by several criteria 
described below, is almost exclusively Form I. We emphasize, 
however, that other preparations of T7 DNA polymerase 
purified by the same procedure have contained variable 
amounts of Form I, presumably due to the slow. conversion to 
Form I in the absence of EDTA: 

A simple assay for the presence of Form I is the measure-, 
ment of the stimulation of T7 DNA polymerase at nicks 
gene 4 protein; gene 4 protein hais no effect on DNA ^ynthe^ 
catalyzed by Form II on such a primer-template. Measure- 
ment of either the single- or doiible-stranded DNA exonucle- 
ase activities of the potmerase provides a quantitative mea- 
surement of Form II since Form I has less than 5% of the 
exonuclease activity of Form II. 

Purity and Subunit Composition— The most ptirified prq>- 
arations of Form I and Form II represent a 470- and 1,000- 
fold purification, respectively, over the crude extract. The 
specific activities of the DNA polymerase activities of Forms 
I and II on denatured sahn n sperm DNA in the standard 
assay are 5,800 and 10,;JOO units/mg of protein, respectively. 

We have subjected purified preparations of both Form I 
and F rm II t polyacrylamide gel electrophoresis in the 
presence ofsodiumdodecylstdfate. The subunit stoichi mett>' 
for both f rms of DNA polymerase was approximately 1.0 m 1 
f thioredoxin/mol of T7 gene 5 protein as estimated by 
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scanning microdensitometry^ f C omassie blue-stained gels 
(Fig. 1, A and B), This value is in agreement -ith the values 
previously rep rted (4, 6). When F rm I and i •-»rm II were 
analyzed together oh th same gel, no difference in the mo- 
bility of either gene 5 protein or thioredoxin could be detected 
(data not shown). We estikuate that this method could have 
resolved a 1500-Da difference. 

Form I has been stored in 50% glycerol at - 18 *C for up to 
2 yeara without appreciable loss of activity (<10%), Form II 
has been similarly stored for 1 year without loss of DNA 
polymerase activity (<10%) and without any detectable con- 
version to Form I (<10% as measured by stimulation by T7 
gene 4 protein). 

Effect of HeUcase Activity of T7 Gene 4 Protein on DNA 
Synthesis Catalyzed by Forms I and //— Helicase activity of 
the gene 4 protein was initially inferred from its ability to 
stimulate T7 DNA polymerase oh nicked, duplex DNA tem- 
plates (19). Such an assay provides a sensitive means of 
distinguishing Form I from Form II. As shown in Fig. 2, DNA 
synthesis is limited with either form of T7 DNA polymerase 
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Fig. 1. Microdensitometer tracinffB of sodlnni dodecyl ral- 
fate-poljracrylamide gel electrophoretic banding patterns of 
Form I and Form n of T7 DNA polymerase. Protein samples 
were heated for 2 min in a boiling water bath in a solution containing 
2.5% sodium dodecyl sulfate and 3% 2-mercaptoethanol, and then 
subjected to electrophoresis as described under **Experiniental Pro- 
cedures.** Each elec^ophoretic run included a parallel lane of protein 
markers, the positions of which are denoted on the . abscissa: P, 
phosphorylase 6; B; bovine serum albumin; O, ovalbumin; C, carbonic 
anhydrase; T, tiypsin inhibitor; and L, lysozyme. t marks the transi- 
tion from 10 to 17% polyacrylamide concentration. i4, punti^ Form 
II of T7 DNA polymerase. B. Form I of T7 DNA polymerase obtained 
by dialysis of Form II for 1 week at 0 "C against a buffered solution 
minus EDTA. C, Form I of T7 DNA polymerase obtained by dialysis 
of Form II of T7 DNA polymerase for 3 weeks against a buffered 
solution minus EDTA as described under "Experimental Procedures.** 
This sample was concentrated 3-fold by vacuum evaporation prior to 
electrophoresis. 




GENE 4 PROTEIN, Units 
Fig. 2. Effect of T7 gene 4 protein oi DNA synthesis cata- 
lyzed by Forms I and n on nicked, duplex DNA templates. 
Native T7 DNA wa^ iucubated with either Form I (O) or Form II (•) 
of T7 DNA polymerase, dNTPs, and the indicated amounts of gene 
4 protein. Incubations were performed as described under "Experi- 
mental Procedures.** 

using nicked, duplex DNA as template. However, the addition 
of purified gene 4 protein to a reaction mixture containing 
Form I of T7 DNA polymerase markedly stimulates DNA 
synthesis. This result is identical with that previously de- 
scribed for T7 DNA polymerase (19), indicating that ovu* 
previous preparations of T7 DNA polymerase were predomi- 
nantly Form I. By contrast, gene 4 protein is virtually without 
effect on Form II (Fig. 2). ' • 

Form I of T7 DNA Polymerase Performs Strand Displace- 
ment Synthesis— In earlier studies on T7 DNA polymerase, 
we concluded from an incorporation assay that T7 DNA 
polymerase could hot initiate DNA synthesis at nicks in 
duplex DNA teniiplates (19). A more sensitive assay for DNA 
sjmthesis indicates that this is not the case for Form I of T7 
DNA polymerase. Alteration of the nick by strand displace- 
ment syrithesis from, the 3 '-hydroxyl group will prevent DNA 
ligase from incorporating the 5'-pho3phoryl group into a 
phosphodiester liiikage. We have detected this alteration by 
using ^-labeled pi .osphomonoesters at nicks in an assay in 
which bacterial alkaline phosphatase is used to release phos- 
phomonoesters that are not converted into phosphodiesters 
by DNA ligase. As shown in Fig. 3, incubation of such a 
substrate with Form I of T7 DNA polymerase, imder condi- 
tions of DNA synthesis, destroys its ability to act as a sub- 
strate for T7 DNA ligare. Incubation with Form II, on the 
other hand, did not affect the susceptibility of the DNA 
suLatrate to ligase. Furthennore, incubation with DNA po- 
lymerase without subsequent treatment with phosphatase did 
not affect the amount of acid-precipitable radioactivity, thus 
eliminating the possibility of nucleolytic degradation of the 
substrate. . 

In an independent experimeiit (data not shown), nicks 
introduced by EcoEl (5'-G/AATTC-3') were protected from 
destruction by Form I when incubation was carried out in the 
presence of nly three debxynucleoside 5 '-triphosp hates , 
dCTP, dTTP, and dGTP. In the presence f dGTP, dTTP, 
and dATP, however, trie nicks were destroyed as measured by 
their ability to be eliminated by DNA ligase. We conclude 
that DNA synthesis is catalyzed by F rm I at a nick and that 
the newly synthesized DNA displaces the 5' terminus. 
. In the accompanying paper (23), we show that Form I of 
T7 DNA polymerase catalyzes limited synthesis of a few 
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77 DNA POLYMERASE, UNfTS 
Fig. 3. Incubation with Form I causes the Iosa of iigase- 
susceptible nicks. Duplex DNA containing nicks bearing ^P-la- 
beled 5'-phosphomonoester was incubated for 15 roin at 30 *C with 
various amounts of eitbrr Fonn I (O) or II (•) of T7 DNA polymerase. 
The reaction mixtures (0.1 ml) contained 40 mM Tris- HCl ( pH 7.5), 
mM MgClj, 10 mM 2-mercaptoethanol, 150 /iM dATP, TTP, dGTP, 
dCTP. and ATP. T7 DNA ligase (0.09 pyrophosphate exchange unit 
(31)) was added to all reactions and incubation continued for 30 min. 
The amount of phosphodiester linkage formation (per cent joining) 
by T7 DNA ligase was determined by measuring the formation of 
phosphatase-resistant ^ as described by Weiss et aL (32). 

hundred nucleotides from a nick resulting in strand displace- 
ment, eliminating the nick and creating a 5'*single-stranded 
tail. It is, in fact, this single-stranded tail that allows gene 4 
protein to serve as a helicase and stimulate Form I. Given 
such a preformed tail, gene 4 protein stimulates DNA synthe- 
sis catalyzed by Form II equally well (24), 

RNA-primed D\A Synthesis Single-stranded Circular 
DNA— The gene 4 protein of baL:eriophage T7 recognizes 
specific sequences on single-stranded DNA and then catalyzes 
the synthesis of tetraribonucleotide primers complementary 
to the template (14). T7 DNA polymerase, like ail DNA 
polymerases, is unable to initiate DNA synthesis de novo. 
However, it readily uses the RNA primers synthesized by the 
gene 4 protein to begin synthesis (13, 15, 17, 18). In order to 
determine if both Forms I and II of T7 DNA polymerase can 
use the tetr&r>.onucleotide primers synthesized by geue 4 
protein, we examined RNA-primed DNA synthesis on the 
single-stranded, circular DNA of phage ^X174. On this tem- 
plate molecule, lacking a 3'-hydroxyl terminus, there is an 
absolute requirement for RNA primers synthesized by the 
gene 4 protein for DNA synthesis (14). 

As shown in Fig. 4, DNA synthesis 1^ both forms of T7 
DNA polymerase requires primer synthesis by the gene 4 
protein. Furthermore, with limited primer synthesis at low 
concentrations of gene 4 protein, the primers are used equally 
well by both forms of T7 DNA polymerase. There is, however, 
a striking difference in the response of the two iforms to 
increased amounts of gene 4 protein; Form I is increasingly 
stimulated by the addition of gene 4 proteiin, and the amount 
of DNA synthesis exceeds twice the amount of template 
present (Fig. 4). With Form II, on the other hand, DNA 
synthesis stops at a level that approximates one rcnind of 
DNA synthesis. The extensive synthesis obtained with Form 
I is a consequence of the ability of this form to perform strand 
displacement synthesis, leading to a rolling circle mode of 
replicati n (19). 

Exonuclease Activities of the Two Forms— Purified prepa- 
rations f T7 DNA polymerase, either isolated in the native 
f rm (6) r reconstituted from the individual subunits (10), 
have a 3' to 5 ' exonucleolytic activity h both single-stranded 
and duplex DNA. The purified gene 5 protein has only the 
single-stranded DNA exonuclease activity, while the reccn- 
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G£A/£ 4 PROTEIN, Units 
4. RNA-primed DNA synthesis on rin^e-stranded cir- 



cular DNA. Either Form I (O) or Form II (•) of T7 DNA polymen 
was Incubated with >X 174 DNA. all four dNTPs and rNTPs, aiid 
the indicated amounts of gene 4 protein. Incubations were performed 
as described under ^'Experimental Procedures.* : 



stituted polymerase has both activities. Two lines of evictence 
support the identity of the exonuclease activities with the 
'^lymerase: 1) both exonuclease activities chrpmatograph 
precisely with DNA polymerase activity during purificati n 
and 2) the exonuclease activities are inhibited dNTPs (6, 
10). 

Form I and Form II of T7 DNA polymerase can be distin- 
guished by their levels of exonuclease activity. Both the single- 
and double-strunded DNA exonuclease-qiecific activities f 
Form I are less than 5% of those observed with Form n (Fig. 
5). The specific activities of sin^e-stranded DNA exonuclease 
activities for Forms I and II are 12 and 328 units/m^ respec- 
tively; the specific activities of the double-stranded DNA 
exonuclease activities for Forms I and II are 20 and 918 units/ 
mg, respectively. 

Nucleotide Turnover — In view of the difference in exonu- 
clease levels of the two forms of T7 DNA polymerase, %ve have 
studied the ^te of "nucleotide turnover'^ and selectivity f. 
both forms to determine, if the specific activity of the exonu- 
clease affects the tum(»ver and fidelity as it does for T4 DNA 
polymerase. Nucleotide turnover is the DNA-dqiendent con- 
version of . a deoxynucleoside tripho^hate to the correspond- - 
ing deoxynucleoside mon^^ihosphate. Si^h a measurement is 
made under conditions of DNA synthesis, and thus reflects 
the levels of ''editing** (35, 42). 

In the experiment shown in Table I, the incorporation f 
radioactively labeled dAMP moieties into DNA and the for- 
mation of dAMP were measured at 30 *C. The turnover f 
dAMP is also expressed as the percentage f total nucleotide 
inserted by the polymerase that was subsequently removed. 
With denatured salmon sperm DNA as primer-template. 
Form II exhibits a much greater turnover than does Form I, 
as one would have predicted from its level of ex nuclease 
activity (see Fig. 5). So great is the turnover by Form 11 n 
this template that 7 f very 10 nucleotides that sre inserted 
by the enzyme are removed Form I, n the other hand. 
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DMA POLYMERASE, Units 
Fig. 5. Exonuclease activities of , the two forms of T7 DNA 
polymerase on sinfi^e-stranded and~^iiplex DNA. Exonuclease 
assays were perfonned as described under "Experimental Procedures'* 
with both single-stranded (A ) and duplex DNA (5 ) using Form 1 (O) 
or Form II (•) of T7 DNA polymerase. 

Table I 

Incorporation and turnover of dAMP by the two forms of T7 DNA 
polymerase 

Per cent turnover = 100 x tumover/{tumover + incorporation). 
Incorporation of nucleotides and nucleotide turnover were measured 
as described under "Experimental Procedures." The preformed, to- 
pologically stable replication fork (24) is described in the text Incu- 
bations were for 10 min at 30 'C. Aliquots (10 /tl) were used for both 
incorporation and turnover determinations. The specific activity of 
the t°H]dATP was 75 cpm/pmoL 
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removes only 4 of every 100 nucleotides it inserts, reflecting 
its much lower exonuclease activity. 

Since DNA polymerase is unusual in that it possesses a 
double-stranded DNA-specific exonuclease, it seems possible 
that idling.at an end or before a duplex region in the DNA' 
could result in ?! large amount of nucleotide turnover which 
would not reflect editing activity. To decrease the contribution 
of idling to dAMP turnover,, we have measured turnover using 
a model replication fork that contains no ends or nicks (see 
the accompanying paper (24) for a description of a topologi- 
cally stable replication fork). This synthetic replication f rk 
was reacted with each form f T7 DNA polym rase in the 
presence of T7 gene 4 protein. As sh wn in Table I, the 
turnover f dAMP f r F rm I remained unchanged from the 
valu obtained when salmon sperkn DNA was used as primer- 
template (4%), while the turn ver of F rm 11 decreased 3-f Id 
to a value f 22%. Since this reaction more closely mimics 
leading strand synthesis at a replication fork, it is possible 



that this turnover measurement is indicative of editing activ- 
ity. 

Fidelity— The misinco .(ration of the base analog 2-ami- 
nopurine in competition with adenine has been used as an in 
vitro test of the fidelity of DNA synthesis (43). 2-Aminopurine 
is a clooe analog of adenine and is incorporated at a measur- 
able frequency, yet it is not incorporated as readily as adenine 
by any tested DNA polymerase. The amount of 3' to 5' 
exonuclease associated with T4 DNA polymerase purified 
from wild type phages and phages with mutations in the 
structural gene for the DNA polymerase has been correlated 
with the in vivo mutation rates observed in these phages (43). 
Using these methods, it has been shown that the 3' to 5' 
exonuclease activity plays a role in replication fidelity by T4 
DNA polymerase. We have therefore compared the in vitro 
accuracy of the two forms of T7 DNA polymerase with that 
of T4 DNA polymerase. 

The results of the fidelity test of Forms I and II of T7 DNA 
polymerase and of T4 DNA polymer jse are shown in Table 
11. The replication discrimination, and hence fidelity, is in- 
variant with th^^ ;!oncentration of dATP and 2-aminopurine 
deoxynucleoside triphosphate between 50 and 400 /iM as long 
as the two nucleotides are present in equal concentration. 
Both forms of T7 DNA polymerase exhibit higher fidelity 
than T4 DNA polymerase. Form II of T7 DNA polymerase 
incorporates 36 correct nucleotides (dAMP) for every one 
incorrect nucleotide (2-aminopurine deoxynucleoside mono 
phosphate). Form . I, on the othei- hand, has less ability to 
discriminate between adenine and 2-aminopurine, but shows 
a high degree of fidelity, nevertheless (22:1), as compared to 
T4 DNA polymerase (14:1). These results are consistent with 
the turnover values obtained for T7 DNA polymerase Form I 
and Form II on a replication fork in the presence of T7 gene 
4 protein. It is interesting, however, that T4 DNA polymerase, 
which turns over dNMP to approximately the same or greater 
degree as Form I of T7 polymerase, has a lower discrimination 
index. It has not been possible to determine the effect of gene 
4 protein on fidelity since it is inhibited by 2-aminopurine 
deoxynucleoside triphosphate.^ 

Conversion of Form II to Form /—As first observed by 
Fischer and Hinkle (21), it is sufficient to add EDTA to the 
purification buffers to obtain Form II, free of Form I. In fact, 
removal of EDTA from purified Form II by prolonged dialysis 
results in its slow conversion to Form I. We have monitored 
this conversion by measuring three activities: DNA polymer- 
ase activity on single-stranded DNA, DNA polymerase activ- 
ity in the presence of T7 gene 4 protein using a nicked, duplex 
DNA as primer-template, and DNA exonuclease activities on 
^H-labeled sing)?- and double-stranded DNA substrates. As 
shown in Table III, dialysis of Form. 11 (Preparation A) for 
two days in the absence of -EDTA leads to a 6-fold increase 
in its activity: on duplex DNA in the presence of gene 4 
protein. Dialysis, has no effect on polymerase activity on 

. " . ' ^ Table 11 

• • Ratio of nucleotide incorporation • * 
Incubations were performed as described under "Experimental 
Procedures."* Denatured salmon sperm DNA was used as primer- 
template. dGTP, dCTP. and dTTP were present at.300 /iM, and ['H] 
dATP (75.cpm/pmoI) and 2-aminopurine deoxynucleoside [a-^Pj 
triphosphate (125 cpm/pino!) were present at 200 pM. Incorporation 
of labeled nucleotides (dAMP and 2-aminopurine deoxynucleoside 
triphosphate) was determined as described under "Experimental Pro- 

cedures." Data shown are for 20-^ aliquots taken at 15 min. 

dAMP/dNTP incoiporated into DNA polymerase 

TTForm I T7 Fonn 11 T4 wild type 

22 36 14 
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Table III 

Conoersion of Form II of T7 DNA poly . rrase to Form I 
DNA polymerase activity and both singk*-.- .-anded and double- 
stranded DNA exonudease activities were determined as described 
under "Experimental Procedures." DNA synthesis originating at 
nicks in duplex T7 DNA was measured in a reaction mixture con- 
taining 2.0 uniU of T7 gene 4 protein as described under "Experi- 
menUl Procedures." The number of picomoles synthesized in the 
absence of gene 4 protein (<6 pmb!) has been subtracted. The ratio 
of single- or double-stranded DNA exonuclease activities to DNA 
polymerase actmty was determined by dividing the number of unitft 
of each exonudease activity by the number of units of each prepara- 
tion of T7 DNA polymerase. Form II of T7 DNA polymerase was 
dialyzed for 48 h at 0 X in the absence of EDTA as described under 
"Experimental Procedures." Two prepaations (A an'i B) of Form II 
were converted in this experiment. A was >95% pure, and B was S2% 
pure by sodium dodecyl sulfate gel electrophoretic analysis. Recovery 
of DNA polymerase activity from the dialysis bag was bO% after 4 
days of dialysis. 

Gene 4 pro Single-stranded eio- Double-stranded exo- 
tein-dcpend- nuclease/polymerase, niiclease/polymerase 
Treatment entDNAsyn- 



- pmol 

None 12 0.053 0.071 0.16 0.20 

2 days 112 — " — 0.049 0.063 

4 days — 0.005 0.008 0.015 0.020 

not determined. 

single-stranded DNA templates. Concomitant with this stim- 
ulation by gene 4 protein, there is a loss of both single- and 
double-stranded exonudease activities; after 4 days of dialysis, 
the ratio of these nuclease activities to DNA polymerase 
activity decreases lO-fold, indicating roughly a 90% conver- 
sion of Form II to Form I. This i, suit may indicate that a 
single change in the enzyme is responsible for all the meas- 
urable differences. Preparations A and B, althou^ differing 
in purity, converted at nearly identical rates. 

As discussed earlier, we have not been able to resolve a 
molecular mass difference between the T7 gene 5 protein 
(84,000 Da) or the thioredoxin (12.000 Da) subunits of the 
two forms of the polymerase. However, we have detected 
polypeptides t ' are probably derived from the gene 5 protein 
during the course of dialysis. As shown in Fig. 1, dialysis of 
Form II {A) in the absence of EDTA leads to the appearance 
of a polypeptide having Af, - 72,000 (B) and representing 
approximately 7% of the total protein. Storage of this prepa- 
ration of Form I at 0 "C for 2 weeks resulted in the presence 
of an additional polypeptide of Af, = 13,000 (C) and the ratio 
of thioredoxin to gene 5 protein increased 2-fold, suggesting 
a loss of gene 5 protein. 

An alternative method for the conversion of Form II into 
Form I is the addition of particular metal salts. In: one exper- 
iment, the concentration of EDTA. was reduced to 0.02 .mM 
and the concentration of metal ion was 0.05 xnM. Among the 
salts tested, the most effective were FeSO^ and CaCl2. The 
metal salte ZnSO^ and FeCLi were less effective and CnCU 
had no effect on the conversion. The rate of conversion by 
metal ions was similar to that observed in the dialysis exper-. 
iment above. 

Attempts to convert Form I to Form II have been unsuc- 
cessful. F r example, a similar dialysis f F nn I against a 
buffered solution containing EDTA had no effect n the 
activities f the DNA polymerase. 

DISCUSSION 

The T7-induced DNA polymerase, initially th tight to be a 
phage-encoded enzyme solely f r the polymerization, ^f nu- 
cleotides, has proven to be an intriguing protein. Subsequent 



studies have shown that the enzyme is actually composed of 
two subunits, ne being the a4,000-Da polypeptide coded by 
gene 5 of the phage z J the other being the 12,000-Da thio- 
redoxin coded by the IrxA gene of E. coU (4, 7-9). The 
physiological significance of this acquisition of a host protein 
is not kn wn. In this paper, we have described an additional 
feature of T7 DNA pol3^erase; the enzyme can be isolated 
in two forms that we have thus far been^ ab!e~td~disti$g^ 
only by their enzymatic properties. However,: the identifica- 
tion of these two forms has resolved a ntunber of puzzling 
observations but raised several questions regarding the bio- 
logical role of the two forms. 

We have observed three distinguishing features of the two 
forms of T7 DNA polymerases: (i) the level of associated 
single- and double-stranded DNA exonuclease activities; (u) 
the ability to perform a limited amount of strand displacement 
synthesis; and (iii) the ability to be stimulated by the helicase 
activity of T7 gene 4 protein on niched, duplex DNA tem- 
plates. Form I has low specific a^ dvities of both exonuclease 
activities, it catalyzes the limited polymerization of nucleo- 
tides at nici^^, and it is stimulated manyfold by gene 4 protein 
on nicked DNA templates. Form II, fay contrast, has 20- to 
40-fold greater exonuclease activity on both single- and dou-^ 
ble-stranded DNA and is unable to polymerize even one 
nucleotide from a 3'-hydroxyl group at a nick, and this latter 
reaction is unaffected by the presence of gene 4 protein. 

Are all of the three seemingly tmielated properties a result 
of a single change in the polymerase? Although we have not 
yet identified physical differences in the two forms; we believe 
that all three properties are a consequence of a single al|(era- 
tion in the enzyme. In the following paper (23), we present a 
detailed characterization of the strand displacement reaction 
catalyzed by Form I and suggest that it results- from U^Jow 
level of exonuclease activity of this form of the en^me. In 
the third paper (24) of this series, we show that the ability of 
Form I to be stimulated: by gene 4 protein to copy duplex 
DNA starting at a nick is a direct consequence of the ci^iacity 
of Form I to generate a displaced strand at the nick; gene 4 
protein can then use this single strand to translocate to the 
fork where it serves as a helicase. Provided with a p^formed 
replication fork. Form II of T7 DNA polymerase is stimulated 
by the gene 4 protein even more than Form I on duplex DNA 
(24). 

Turnover, the DNA-dependent conversion of dNTP into 
the corresponding deoxynucleoside monophosphates, ^ has 
been correlated with the 3' to 5' exonuclease activity of 
prokaryotic DNA polymerases and is believed to indicate the 
level of the editing exonuclease activities of these enzymes 
(35, 42-44). The turnover is hi^ (70%) for Form II on 
denatured salmon &perm DNA. A heightened turnover rate is 
postulated to be the biochemical defect in- the temperature 
sensitivity of the DNA polymerase induced >y T4 Ll41 (45).. 
However, v^e do not believe that Form II of T7 DNA polym- 
erase is defective, since turnover is reduced to 22% if the 
polymerase is given a branched primer-template and is as- - 
sisted by the helicase activity of the T7 gene 4 protein. Gillin 
and Nossal (46) have proposed that the T4 DNA polymerase ' 
isolated from cells infected with the T4 mutant CB120 is 
deficient in strand displacement synthesis. Their results in- 
dicate that the greater the potential secondary structure in 
the template, the greater the turn ver of nucleotides. It has 
been suggested that the CB120 mutant T4 DNA polymerase 
repeatedly rem ves and reinserts nucleotides where a blodc is 
encountered It is possible that the higher turn ver observed 
for T7 DNA polymerase F nn II reflects 2 similar phen me- 
non, but. a m re interesting possibility is that the double- 
stranded ex nuclease f T7 DNA polymerase is ^lecifically 
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designed to prevent strand displacement at ia hick or a branch 
point This possibility is suggested by the vy rrvation pre- 
sented in an accompanying paper (24) that 11 ])NA polym- 
erase Form II differs strikingly from T4 DNA polymerase in 
strand displacement activity; although T4 DNA polymerase 
will catalyze strand displacement iat a branch point, T7 DNA 
polymerase Form II catalyzes little or no net synthesis under 
the same conditions. ' 

The higher turnover of dAMP observed for Form II of T7 
DNA polymerase as compared to Form I could result in its 
hi^^er fidelity as indicated by its rate of incorporation of 2- 
. aminopurine deoxynucleoside monophosphate. It is of inter- 
est, however, that the fidelity of both iEbrms of T7 DNA 
polymerase is greater than the fidelity of T4 DNA polymerase. 
Since Form I has a turnover for dATP which is eiquial 'to or 
less than that of T4 DNA polymerase,'it is possible that 
selectivity of base insertion is higher for the T7 DNA polym- 
erase thah for T4 DNA polymerase, although our data could 
not be used to calculate an accurate insertion ratio (43). 

Form n of T7 DNA polymerase has about the same level 
f 3' to 5' single strand-specific exonuclease activity as T4 
DNA polymerase. Form I, on the other hand;"tias a miicfif " 
lower level of 3' to 5' single strand-specific exonuclease 
activity even thou^^ its nucleotide turnover rate is about the 
same. Thus, it might be coincidental that the levels of 3' to 
5' exonuclease activity of the various "mutator" and "anti- 
mutator" strains of T4 DNA polymierase are correlated with 
their fidelities. In other words, the possession of a highly 
active single strand-specific 3' to 5' exonuclease activity (Le. 
the ability to rapidly degrade single-stranded DNA as mea- 
sured by the usual acid precipitation assays) is not necessarily 
a prerequisite for a DNA i>olymerase r *th good fidelity (44). 
Exohuclrase activities may be required foi other purposes, for 
example, to reestablish the DNA structure at a replication 
fork after it has been rearranged by branch migration. 

At present, we know of two conditions that affect the 
conversion of Form II to Form I: the presence of EDTA and 
metal ionsi The pifesence of EDTA during purification leads 
to a preparation that is almost exclusively Form II. Form II 
can be isolated in the absence of EDTA, but it is usually 
contaminated with v^i iable amounts of Form I. Preparations 
that appear to be predominantly Form I, such as those used 
in this study, were often obtained using procedures that had 
prolonged delays between chromatographic steps. We have 
also found that prolonged dialysis at 0 °C to remove EDTA 
firom Fonn II results in its conversion to Form.I. The conver- 
si n is irreversible since the addition of EDTA to Form I is 
without effect. Form II will also convert to Form I in the - 
presence of a low concentration of EDTA when metal salts 
are isidded in exceiss. However, we can draw no conclusions 
concerning mechanisms from the order of effectiveness of the : 
vari us metal salts that we have tried. 

What might be the physicochemical basis for the two forms 
of T7 DNA polymerase? A likely mechanism for such a ' 
conversion would be an irreversible modification of one of the 
tw subunits. Several possibilities come to mind. An EDTA- 
inhibited' proteolysis of either the gene 5 protein or thiore- 
doxin would be compatible with the results we have presented. 
F rm II exists as the precursor, and Form I is the product, of 
proteolytic cleave^. Proteolysis would n t bci readily revers- 
ible, and EDTA is known to inhibit s me £. coU proteases 
(47). However, either the polymerase itself w uld have to 
serve as the protease r the contaminating protease must be 
present at a constant am unt The xtent f proteolysis would 
have to be slight since n difference in mobility f either 
subunit was detected by polyacrylamide gel electroph resis in 
the presence of sodium dodecyl sulfate. In siqtport f the 



limited proteolysis hypothesis in the conversion is the finding 
that new polypeptides can be detected after dialysis of Form 
II of T7 DNA polymerase .ii the absence of EDTA. However, 
no causal relationship between the conversion and the appar- 
ent proteolysis has been demonstrated. 

On the other hand, one need not invoke proteolysis in the 
initial step leading, to the conversion of Form II to Form I. 
For example, the conversion need not be enzyme catalyzed, 
but rather the result of modification of a chemically reactive 
site in one of the two subunits of T7 DNA polymerase. In any 
case, the possibility of regulation arises in the consideration 
of any of these general conversion mechanisms. 

One can only speculate on the physiological significance of 
the two forms of T7 DNA polymerase. It is our contention 
that high exonuclease activity and absence of polymerase 
activity at nicks are properties suited to the faithful replica- 
tion of a duplex DNA. Therefore, Form II of T7 DNA polym- 
erase is most-likely the preferred polymerase for the synthesis 
of DNA at the replication fork. In fajt our initial attempts 
to reconstitute lagging strand synthesis using Form I of T7 
DNA polymerase were frustrated by the capacity of this 
enzyme to displace Okazaki fragments before they could be 
ligated, a complication that is described in an accompanying 
paper (41). Our initial concern that Form II, if indeed it is 
the form that functions, at the replication fork, should have 
the capacity to be stimulated by gene 4 protein to copy duplex 
DNA proved to be without foundation. As will be shown in 
the third paper of this series (24), the lack of stimulation of 
Form II by gene 4 protein at nicks reflects only the inability 
of this polymerase to generate a single strand to which the 
gene 4 protein can bind. In fact, presented with siich a 
preformed replication fork. Form II of T7 DNA polymerase 
responds to gene 4 protein to a greater extent than does Form 
I. Similarly, the inability of Form II to initiate synthesis at 
nicks is of no consequence for initiation at the primary origin. 
In this step of DNA replication, T7 RNA polymerase synthe- 
sizes a primer and simultaneously creates a single-stranded 
lagging strand that Fomi II of T7 DNA polymerase and gzne 
4 protein can use effectivTely (1). 

Is Form I of T7 DNA polymerase, then, an artifact that 
arises during purification since Form II appears to be the 
predominant, if not exclusive, species present in lysates of 
T7-infected E. coli cells? Certain properties of Form I make 
it a more suitable candidate than Form II for some reactions 
of DNA metabolism. In the following paper (23), we suggest 
the involvement of Form I in steps that call for strand 
displacement synthesis such as the processing of concatemers 
of T7 DNA and in recombination. 
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